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Abstract. 
In this thesis, we study optical to microwave conversion and generation of 
ultrashort electrical pulses by the use of optical rectification at 
telecommunication wavelengths, A= 1550 nm. By using optical rectification, an 
electromagnetic pulse is generated in a completely passive semiconductor 
waveguide. This pulse is coupled in a microwave transmission line with 
periodically loaded ground electrodes to create a velocity-matched structure. The 
optical waveguide and the microwave transmission line form the optical 
rectification device. Although in theory, the width of the electrical pulse in a 
travelling wave structure is limited only by the duration of the optical excitation 
pulse, imperfections in the velocity matching will attenuate and disperse most of 
the electrical pulse. The calculated effective optical refractive index of the 
rectification devices, nopt = 3.30, matches the measured effective microwave 
index in one of our structures namely Dev068 (nmw = 3.30). If the structure is 
slightly velocity-mismatched, losses as high as 14 dB/mm at frequencies of 1 
THz will affect the propagation of the electrical pulse. The optical rectification 
device was fabricated using conventional photolithography techniques and e- 
beam lithography techniques. The advantages of e-beam lithography are: better 
pattern definition, perfect alignment and easier lift-off process. The only 
disadvantage is the cost associated with running the e-beam writer and maybe 
the time it takes to complete a pattern. The semiconductor material system of 
choice for the rectification devices is GaAs / AlGaAs due to its well-known large 
nonlinear coefficient. The use of GaAs/AIGaAs with light at A= 1550 nm, 
presents serious absorption effects. The absorption effects mask the pure optical 
rectification signal and therefore must be minimised. The most significant 
absorption effect at A= 1550 nm is two-photon absorption (TPA), which in more 
than one experiment gave us pulses of a few nanosecons duration. Our 
rectification device is engineered to minimise TPA, and this is the perhaps the 
hardest challenge in the design of the device. This also maybe the reason why 
there is not rectification devices such as ours reported in the literature working at 
A= 1550 nm. The reason why we wanted to work with GaAs/AIGaAs is the 
potential integration of the rectification device in optoelectronic systems. In the 
H' 
final rectification device, we could observe a clear polarization dependence of 
the generated signal indicating optical rectification. The signal detected was 
small in magnitude, -75 dBm and on top of an offset signal which is believed to 
be TPA. Nevertheless, we proved that an optical rectification signal could be 
generated and detected by experimental means. Finally, Q-switched diode lasers 
in Al-quaternary material were fabricated and evaluated as possible sources for 
the rectification devices. The lasers produced a pulse train ranging from 1 GHz 
to 2 GHz depending on the bias current. We reckon that our measurement set-up 
is not ideal to characterize the rectification signal but is the simplest set-up 
capable of giving us an indicative result. The time domain observation of the 
optical rectification signal has still to be done and the integration of a 
photoconductive switch to the optical rectification device seems to be the most 
obvious solution to achieve this. 
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During the last decade, ultrafast phenomena have received a great deal of 
attention by research groups all over the world. Ultrafast devices and systems are 
an integral part of most research laboratories in photonics and electronics around 
the world. The continuous search for generation of shorter optical pulses have, in 
a way, pushed electronics to move to devices with faster response times. We can 
now see state of the art optoelectronic devices such as electro-absorption 
modulators and photo-receivers, available. to be commercially deployed in 40 
GHz telecommunication systems. Future generation of devices may not be too 
far away now that the time between the first demonstration in the laboratory of a 
device and its availability on the market has been greatly reduced in the past five 
years. 
Microwave Photonics is the term that has been forged to refer to the study of 
optoelectronic devices and systems working at microwave frequencies and to the 
use of optoelectronic devices and systems for signal handling in microwave 
systems [1]. Photons in free space will always be faster than electrons in any 
media. While the generation of optical pulses of a few femtoseconds duration is 
commonly found in the literature, photodetectors (PD) with cut-off frequencies 
of only a few hundreds of GHz have been demonstrated in the laboratory. Hence, 
ultrashort optical pulses have always been measured using indirect methods such 
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as autocorrelation with a second-harmonic crystal. Optical to microwave 
conversion plays an important role in telecommunication systems where higher 
electrical bandwidths are constantly required. Higher bandwidth means shorter 
pulse generation and detection. Not only bandwidth is important, optical to 
microwave conversion using the minimum energy consumption (bias) will 
always be desirable. To find new and non-conventional ways of doing optical to 
microwave conversion is therefore imperative. Only by exploring this field, 
devices capable of covering up to THz frequencies can be created. 
Optical to microwave conversion has predominantly been achieved with the use 
of photodetectors. A wide range of structures has bee reported in the literature 
and a comprehensive review can be seen in [2] and references therein. Here we 
will briefly describe the most common ones. 
Waveguide photodetectors (WGPD) have been investigated extensively for the 
last two decades. The advantage of WGPD over a conventional broad-area PD is 
the close proximity of the absorptive layer and the contacts, which translate in 
much faster response times (higher bandwidth). Also, less voltage is require to 
drain the photo-excited carriers from the junction. WGPD are edge coupled p-i-n 
structures in a ridge configuration. The ridge width is commonly around 2 µm 
wide. Frequency response is limited by transit time effects and the depletion 
capacitance of the diode. To increase the electrical bandwidth of a WGPD, small 
device dimensions are require together with specific geometries to preserve the 
RC constant as small as possible. The material of choice for telecommunication 
applications is InGaAs/InP grown in semi-insulated InP (SI-InP) substrates. The 
absorptive region can be bulk semiconductor or can be form by multiple- 
quantum-wells (MQW). Bandwidths of 110 GHz at 1550 nm wavelength have 
been achieved using a mushroom-mesa waveguide p-i-n photodiode [3]. A very 
similar structure (mushroom-mesa) was used in a vertically illuminated PD 
(incident light perpendicular to the junction) resulting in bandwidth of 120 GHz 
at long wavelength [4]. 
Waveguide-fed Photodetectors consist in an input waveguide, which is optimised 
for coupling (not necessarily optimum for absorption), and a separate absorption 
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layer at certain distance of the input waveguide. The input waveguide can be 
designed to match the modal shape of the incoming light. The light is coupled 
into the semiconductor and then directed to the absorption layer by means of butt 
coupling or evanescent coupling. Evanescent coupling seems to be most efficient 
method of the two in optical and electrical terms. Waveguide-fed photodetectors 
using evanescent coupling have been reported in the literature with an electrical 
bandwidth of 70 GHz [2]. 
Travelling-wave photodetectors (TWPD) are perhaps the most popular PD 
configuration to date. As for WGPD, TWPD are edged coupled using a ridge 
structure. TWPD distribute the absorption along the length of the ridge avoiding 
heating and saturation at the facets. TWPD work under the principle of velocity 
matching between the optical and the electrical wave. The velocities to match are 
the electrical phase velocity and the optical group velocity. Although TWPD are 
p-i-n structures, if velocity-matched is achieved, the limitation of the RC 
constant intrinsic in lumped devices can be overcome. To obtain velocity 
matching, the metal electrodes of the TWPD are normally capacitive loaded to 
slow down the electrical wave. If perfect velocity-match could be achieved, then 
the bandwidth will be limited by the dispersion of the metal electrodes, which 
are commonly coplanar waveguide lines (CPW). As for the WGPD, the material 
of choice for telecommunication wavelengths is InGaAs/InP grown in SI-InP 
substrates. Bandwidths of above 100 GHz are commonly achieved in these 
structures. TWPD with bandwidth of 172 GHz have been reported in the 
literature before [5]. Optical Heterodyne millimetre wave generation using 
TWPD has also been used with success. An integrated photonics transmitter 
module using this technique can be seen in [6]. 
More recently, uni-travelling-carrier photodiodes (UTC-PD) with bandwidth of 
310 GHz have been reported [7]. The structural feature of the UTC-PD is that the 
diode is configured with a p-type photoabsorption layer and a wide-gap electron 
collector layer [2]. The holes generated in the photoabsorption layer are majority 
carriers, which respond very quickly with dielectric relaxation time and therefore 
do not contribute to the photocurrent. The electrons in the other hand diffuse and 
travel through the depletion layer contributing to the photocurrent. If the 
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depletion layer is very thin, the electrons can drift at the overshoot velocity, 
which is five times higher than the saturation velocity. All the PD discussed 
above are summarised in table 1.1. 
Table 1.1. Comparison between different PD structures. 
Structure Bandwidth (GHZ) Reference 
WGPD 110 [3] 
WG-fedPD 70 [2] 
TWPD 172 [5] 
UTC-PD 310 [7] 
An alternative way to the PD to achieve optical to microwave conversion is the 
use of photoconductive switches. These devices are explained on detail in 
chapter 7. Photoconductive switches are surface illuminated metal- 
semiconductor-metal (MSM) structures. The semiconductor gap is typically 
biased at 5V. An optical beam in the form of an ultrashort pulse is used to hit the 
gap. The gap is effectively closed by the photo-exited carriers by an amount of 
time determined by the response of the semiconductor material. Pioneering work 
in these structures was done by Auston [8] in early 1970's. Photoconductive 
switches have always been a very popular research topic. Hence, is very easy to 
find reports in the literature where almost any kind of material is used in the gap. 
The most popular materials used in photoconductive switches are radiation- 
damaged Si (RD-Si), RD-GaAs, and low temperature grown GaAs (LT-GaAs). 
By exploiting the ultrafast recombination time of LT-GaAs, electrical pulses as 
short as 200 fs have been produced [9]. The main application for these switches 
is to generate ultrashort electrical pulses in transmission lines for terahertz time- 
domain spectroscopy [10]. 
All the photoconductors described above have an inherent maximum speed 
associated with the response of photo-excited carriers. This limitation is not 
severe if pulses of picoseconds or sub-picosecond duration are of interest. 
However, if the interest is to match ultrashort optical pulses (femtoseconds) then 
this limitation becomes critical. The use of non-linear effects to achieve optical 
to microwave conversion has been studied since early 1960's when nonlinear 
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optics was born (See for instance [11]). The use of nonlinear effects provides an 
instantaneous electrical response to an optical excitation and therefore ultrashort 
electrical pulses (femtoseconds) can be generated. Once the electrical pulse is 
generated, it can propagate on the sample's surface using transmission lines or it 
can propagate free-space as terahertz radiation. Nonlinear effects such as 
difference frequency mixing have been used to generate microwave signals [12], 
of up to 40 GHz [13]. However, when the aim is the generation of ultrashort 
electrical pulses, optical rectification is the preferred nonlinear effect. (see for 
instance [14] and references therein for a review). 
The set-up for the generation of terahertz optical rectification can be described as 
follows. A sub-picosecond optical pulse excites the device, which is fabricated in 
a nonlinear material. This optical source is typically a Ti: Saphire lasers with 
pulse duration of less than 200 fs. The peak power can vary between tens of 
kilowatts to tens of megawatts depending on the substrate material and device 
configuration. Immediately after the optical pulse hits the device, an 
electromagnetic field is radiated with a far field proportional to the second time 
derivative of the dielectric polarization. The radiated electrical transient typically 
consist of one or one-and-a half oscillations of the electromagnetic and therefore 
has a broadband THz frequency bandwidth. To detect the electromagnetic 
radiation, a photo-conducting antenna is used in conjunction with a pump probe 
experimental set-up. At this point, a bipolar electrical pulse will appear at the 
terminals of the antenna. This pulse can propagate in a transmission line coupled 
to the antenna. Bandwidths as large as 30 THz have been obtained using 
terahertz optical rectification [15], [16]. The niche applications for this technique 
are terahertz spectroscopy and imaging. 
Another possible way to exploit optical rectification is the generation of 
electrical transient directly in transmission lines. A detail review of this method 
is given in chapter 2. Optical rectification has been proposed as a potential 
solution for applications such as characterization of high-speed electronic 
devices, spectroscopy and characterization of transmission lines. The ultrashort 
electrical pulses required for these applications have commonly been produced 
so far by photoconductive switches, which, as mentioned above, exhibit a 
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fundamental limitation in response time related to the transient dynamics of the 
photo-exited carriers or propagation characteristics of the device. Apart of the 
use of optical rectification as an "alternative" to photoconductive switches, a 
metal-oxide-semiconductor (MOS) transistor gate controlled by the generated 
optical rectification signal has been proposed before [17]. Practical 
demonstration of guided light (waveguide) generating ultrashort electrical pulses 
via optical rectification has never been reported before. To the best of our 
knowledge, this thesis is the first demonstration of that [18]. Novel potential 
applications for these devices are discussed before the end of this chapter. 
Optical rectification has historically been achieved in electro-optic (EO) crystals 
[11], [ 19], and only until mid 1990's, semiconductor crystals have been used as 
optical rectification media [20]. The interest in semiconductors is that they 
present higher nonlinear coefficients than EO crystals (See table 1.2). A higher 
nonlinear coefficient translates into a better optical to microwave conversion 
efficiency and, consequently, less input optical power is required to produce the 
electrical signal. Semiconductors also offer great potential for the integration of a 
nonlinear effect device (i. e. an optical rectification device) and state of the art 
InP or GaAs optoelectronic components. EO crystals, however, present an 
advantage over semiconductors: they do not suffer from absorption mechanisms. 
Absorption effects can easily mask an optical rectification signal. When using 
semiconductors as nonlinear media, the operating wavelength is >8 µm where 
the main absorption mechanisms are greatly reduced. All the materials shown in 
table 1.2 have been used in optical rectification experiments. In addition, organic 
crystals [21] and polymers [22] have also been use successfully. 
Optical rectification experiments are reported in a variety of nonlinear materials 
and in a variety of structures. A popular structure with rectification devices is the 
periodically poled LiNbO3 [23], [24]. Here, the sign of the nonlinear coefficient 
of the material is periodically inverted along the optical propagation axis to 
improve the conversion efficiency. Bandwidths of around 1.7 THz have been 
achieved with these structures. Optical rectification can also been seen in new 
structures such as photonic crystals [25]. 
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Table 1.2. Absolute magnitudes of second-order nonlinear coefficients 
measured by the SHG method at 1064 nm wavelength [26]. 
*at852nm 
Crystal dq Second-order nonlinear 
coefficient m 
L'NbO d3 25.2 3 d 4.6 
LiT 0 d33 13.8 a 3 d 0.85 
d33 14.6 
d 3.7 
KTP d32 2.2 
d15 3.7 
d4 1.9 
KDP d36 0.39 
Quartz d 0.30 
GaAs d36 170 
t GaP d 36 70. 
.: 3 
ZnSe d6 53.8' 
CdTe d36 109 
Despite of all the devices and materials currently available to perform optical to 
microwave conversion, the generation of terahertz signals via optical 
rectification in semiconductor waveguides at telecommunication wavelengths 
has never been achieved. In this thesis, the study a novel alternative to achieve 
high frequency optical to microwave conversion in semiconductor waveguides is 
presented. Being a nonlinear effect, optical rectification does not depend on the 
physics of carrier transport phenomena; it relies on the manipulation of the 
internal electrical dipoles of the material to generate an electrical polarization. 
The problems with absorption in semiconductors such as GaAs are minimised 
purely by device design and not by shifting the wavelength (longer) at which we 
perform the experiments. The aim of this research can be summarise as: The 
creation of a wavegulde device capable of producing ultrashort electrical 
pulses at telecommunication wavelengths using optical rectification. The 
electrical pulses will be coupled in coplanar transmission lines obviating the 
need of microwave Interfaces, The substrate material will be GaAs due to the 
high nonlinear coefficient and the great potential for integration. As an added 
benefit, this device is 100 % passive. 
In principle, an optical rectification signal produced by continuous wave (CW) 
laser radiation can be detected and quantified, but to the best of our knowledge, 
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no one has yet managed to observe it experimentally. Both, CW and pulsed 
optical rectification experiments are detailed in this thesis. Semiconductor 
waveguides using the optical rectification effect (ORE) are of interest for the 
following reasons: 
1. In principle, the ORE can be used to produce single electrical pulses of 
10-12_10"15 seconds duration, and to produce a series of ultrashort 
electrical pulses at repetition frequencies limited only by the modulation 
frequency of the light beam. 
2. By using non-linear crystals (with a wide transmission band) in 
microwave systems, it is possible to obtain millimetre and sub-millimetre 
oscillators with operating frequencies governed by the parameters of the 
optical pulses which produce the ORE. 
3. A non-linear crystal is a wide-band element with a temporal resolution 
exceeding the capacity of all existing photodetectors. 
4. By using GaAs based semiconductor devices as the nonlinear crystal, 
compatibility with state of the art integrated optical and electronic 
circuits is assured. 
As discussed above, current solid-state laser technology allows us to obtain 
femtosecond optical pulses with high peak powers. Semiconductor lasers have 
never been used for an ORE experiment due to their intrinsic power limitations. 
In the devices presented in this work, a semiconductor laser could be a real 
alternative as light sources. This is possible due to the relative low power 
required to operate our rectification devices. They use at least 3 orders of 
magnitude less power than the latest similar experiment reported in rectification. 
The combination of the semiconductor lasers with optical amplifiers and pulse 
compressors could be an alternative, which was not explored on this thesis. 
The electrical signal obtained from our optical rectification device is expected to 
have the same shape and the same temporal resolution as the optical pulse. If we 
generate the ORE using picosecond, or femtosecond pulses, we expect to detect 
picosecond or femtosecond electrical pulses respectivelly. Obviously, dispersion 
effects have to be considered and pulse broadening is cannot be avoided. 
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Potentially, the ORE can produce electrical signals that exceed the resolution of 
the fastest sampling oscilloscopes. Due to this, and to the fact that sampling 
oscilloscopes suffer from relatively high noise levels, trigger jitter and 
reflections, the best way to characterise the electrical signal in the time domain is 
using photoconductive sampling. Photoconductive sampling utilises picosecond 
optical pulses to trigger photoconductive switches made normally from ion- 
bombarded semiconductor materials. Due to the time and effort spent in 
minimise all the parasitic effects that accompany optical rectification in our 
device, the integration of a photoconductive switch was not possible but it is 
strongly supported as future work. The rectification signals were detected in the 
frequency domain using a high frequency microwave probe and a microwave 
spectrum analyser with bandwidth resolution of 40 GHz. 
As we have seen in the above paragraphs, the novelty of our rectification devices 
relies in the use of light at 1550 nm wavelength in a GaAs substrate. The use of a 
waveguide is also new. The applications for these rectification devices are: 
1. Characterization of transmission lines. By studying the pulse propagation 
characteristics on transmission lines, attenuation and dispersion can be 
calculated and compared to numerical models. 
2. As an alternative to conventional edge-coupled discrete photodetectors. 
The rectification devices are completely passive and do not require bias 
circuits for long arrays of photodetectors. 
3. As in-line photodetectors. An electrical signal can be generated without 
absorbing or attenuating the optical signal more than the inherent 
propagation loss. 
4. As receiver in telecommunication systems. Serving as interface between 
the optical backbone and wireless communications. 
5. Underground applications. Reducing the power consumption and, 
therefore, the number of copper wires that need to be laid for 
underground optoelectronic systems that operate with active components 
such as photodetectors. 
6. Intracavity optical to microwave conversion. If the nonlinear conversion 
is carried out intracavity in a mode-locked laser, with the RF output 
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replacing the optical output, then high optical peak intensities are 
available. 
The fabrication facilities at the University of Glasgow allowed us to implement a 
system where generation (semiconductor lasers), conversion (optical rectification 
device) and detection (photoconductive switch) of the optical rectification signal 
can be achieved. This thesis describes the approach we have taken to achieve 
optical to microwave conversion in semiconductor optical waveguides using 
optical rectification. 
This thesis is organised in seven chapters, this introduction being the first one. 
Chapter 2 describes the basis of optical rectification. It provides an historical 
background of experiments in optical rectification as well as a description of the 
material system used to fabricate the optical rectification devices. The design 
philosophy of the optical waveguide is also presented here. Chapter 3 explains 
all the loss mechanisms affecting the propagation of an optical pulse in a 
transmission line. It also explain the design of the slow-wave electrodes used to 
create a velocity-matched device and modelling results are compared with 
experimental characterisation of the transmission lines. Chapter 3 underlines the 
importance of a velocity-matched optical rectification device. Chapter 4 deals 
with all the issues related to the fabrication of a rectification device. Different 
fabrication methods are explored showing their advantages and disadvantages 
with respect to each other. Chapter 5 describes in detail all the experimentation 
done on the different generations of optical rectification devices, from initial 
trials with first generation devices, to optimised devices in a fourth generation 
where finally signs of rectification where recorded. Chapter 6 shows our 
approach in finding a semiconductor source that could be employed in 
conjunction with the rectification devices. The lasers descobed in chapter six are 
fabricated in Al-quaternary material system providing higher thermal stability to 
their counterpart P-quaternary systems. Chapter 7 gives a recommendation for 
future experiments and underlines the importance of the integration of a 
photoconductive switch with the rectification devices to provide temporal 
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2. Optical Reciification. 
2.1 Introduction. 
Optical rectification is a second order nonlinear effect, which can be used to 
generate an electrical signal in a totally passive device such as an optical 
waveguide. The gallium arsenide (GaAs) based system is one of the best 
nonlinear materials due to the large nonlinear coefficient at the communication 
wavelengths (xiä)= 238 pm/V at X=1.548 µm [1]). Optical rectification in 
GaAs waveguides can be exploited to achieve optical to microwave conversion, 
which is of interest at the interface of wireless and optical communication 
systems. In addition, the mature fabrication technology of GaAs based 
semiconductor devices offers the potential for monolithic integration of the 
optical rectification waveguides with other key components, such as 
semiconductor lasers, optical switches, multiplexers and demultiplexers and 
photoconductive switches. Semiconductor lasers and photoconductive switches 
are particularly relevant in this work. 
In this chapter, the optical rectification effect (ORE) is explained with the help of 
some basic equations and a discussion of its physical origin given. The original 
work in optical rectification, as well as some of the most relevant recent works 
are presented and reviewed. While there has been a considerable amount of 
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research done in optical rectification in particular as the main mechanism for 
terahertz generation (see for instance [2]), we concentrate here on the use of 
optical rectification to generate ultrashort electrical pulses on transmission lines 
contained within the same device. Being the material of choice, the relevant 
properties of the GaAs/AIGaAs material system are also covered in this chapter. 
Finally, the basic requirements to create an optimum device to detect the ORE 
signal in GaAs waveguides are presented in the final section of the chapter. 
It is important to mention at this point that, to the best of our knowledge, 
experimental observation of the ORE in GaAs at ), =1.55 µm has not been 
reported in a clearly identifiable way before. 
2.2 The optical rectification effect (ORE). 
Optical rectification is a second order nonlinear effect, and usually refers to the 
generation of a dc electric polarization by an intense optical beam propagating in 
a nonlinear medium [3]. As explained in previous works on optical rectification 
[4], the simplest nonlinear dependence of the optical polarization P on an applied 
optical electric field E is: 
PaE2. (2.1) 
Suppose that a lightwave is incident on the medium and E has a cos(at) time 
dependence, then this nonlinear relation predicts, 
Pa cost ait =Y 2(l + cos2wt). (2.2) 
That part of the polarization in Eq. (2.2) with a cos(2wt) dependence is 
responsible for the generation of second harmonic signals from certain crystals. 
The unit term describes the steady polarization referred to as optical rectification. 
In a more detailed way, the nonlinear coefficient tensor d, forms a 3x6 matrix 
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Py = dzi d22 dz3 dza d25 ds6 s 
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GaAs is a class 43m crystal and has only one independent nonvanishing second- 
order nonlinear coefficient, namely, d14 = d25 = d36, all other terms are equal to 
zero. Therefore, Eq. (2.3) for GaAs becomes, 
Px = 2d14E, Ez (2.4a) 
Py = 2d, 4E: Ex (2.4b) 
P= = 2d14ExEy (2.4c) 
If the two electric fields involved in a particular direction of the polarization have 
frequency dependence co, then Eq. (2.4c), for instance, will be: 
P(O: w-°) = 2d 4EX Ey (2.5a) 
and P(2aia'+w) = 
2d 4°'Ex Ey (2.5b) 
where d, ' and d124' are the representations for the optical rectification coefficient 
and the second harmonic generation coefficient respectively. Equation (2.5a) 
corresponds to optical rectification whilst Eq. (2.5b) corresponds to second 
harmonic generation. In the case, that one of the electric fields has dc 
dependence, Eq. (2.4a) will be: 
P(w: w±O) = 2di°Ey Ez (2.6) 
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Equation (2.6) describes the electro-optic effect. The fact that da= dia 
independent of crystal symmetry considerations, shows the close relationship 
between the ORE and the electro-optic effect. 
2.2.1 The physical origin of optical rectification. 
The physical origin of the nonlinearities in zincbende material is directly related 
to the bonding of the two different atoms, which form the lattice. In the case of 
GaAs, the partly covalent and partly ionic nature of the bonding between the Ga 
and As atoms in the crystal generates an uneven charge distribution in the 
bonding. This uneven charge distribution creates a built-in dipole, which can be 
affected by an applied electric field, changing the optical properties of the 
material. If one, or more, of the optical properties of the material are changed 
proportionally to the square of the applied electric filed, then we can say that the 
material presents a second order nonlinearity. To be specific, the material 
property that is changed by the applied electric field is the refractive index. 
However, the change of refractive index is so small that generally they can only 
be detected when the amplitude of the electric field is of the same order of 
magnitude as the interatomic fields. 
The instant response of the non-resonant nonlinearities, such as optical 
rectification, arises from the motion of the dipoles in the bonds, which act 
collectively to the optical excitation. In contrast, resonant nonlinearities arise 
from free carriers close to the bottom of the first conduction band (electrons) and 
close to the top of the valence band (holes). Resonant nonlinearities have a time 
constant associated with these carriers. 
When an optical signal passes through a nonlinear material, it will generate an 
optical rectification polarization. If the optical signal is modulated, the optical 
rectification polarization will be a wave with a frequency equal to that of the 
modulation frequency. This can be understood by considering Fig. 2.1. The 
electric field of an optical carrier travelling at a frequency cOopt can be described 
at any given time in terms of E, , pt = Ep cos Copt t. Equation 2.2 shows that the 
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electric field of the optical carrier will produce a constant (dc) polarization in the 
material (Fig 2.1a). This polarization is in principle possible to be measure. 
However, if we modulated the optical carrier at a frequency Cz),,, «r, the steady 
polarization, will now be changing in time at a frequency proportional to ahod 
(Fig. 2. Ib). In the same way, for a pulse of light, the optical rectification 
polarization will be an exact replica of the optical pulse (Fig. 2.1c). Ultrashort 
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Fig. 2.1. Optical rectification polarization (ORP) for different 
modulation of the optical carrier. (a) For no modulation signal, the ORP 
is a steady dc polarization. (b) When the optical carrier is modulated 
with a sinusoidal signal, the ORP will be as well sinusoidal following 
the envelope of the modulated carrier. (c) In the same way, for a light 
pulse of gaussian shape, the ORP will be gaussian following the pulse 
shape. 
2.3 History of optical rectification. 
2.3.1 First observation of the ORE. 
In the original work [5], the observation of a dc polarization accompanying the 
passage of an intense ruby laser beam through certain crystals was reported. The 
crystals used were potassium dihydrogen phosphate (KDP) and potassium 
dideuterium phosphate (KDdP), which exhibit a large linear electro-optic effect. 
A high power ruby laser provided a linearly polarised (6943 A) beam of light 
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with an intensity of -1 MW and duration of 100 ns. The crystals of KDP and 
KDdP were prepared in rectangular blocks of approximately 1 cm dimensions 
with highly polished surfaces. The z-axis was normal to the two faces and the x 




Fig. 2.2. The cut of crystal used by Bass et al. The z-axis is placed 
normal to the capacitor plates, and dimensions in all cases were of the 
order of 1 cm. The angle 0 is the angle between the optical electric field 
and the crystal's z-axis. After Ref. [4]. 
In these experiments, the crystals were mounted between two polished brass 
plates perpendicular to the z-axis and separated from the crystal by a gap of -50 
gm (Fig. 2.3). This gap and the high polish of the plates and crystal minimised 
spurious effects due to scattered light and consequent pyroelectric phenomena. 
The laser beam was transmitted through the crystal normal to one of the faces, 
which contains the optical axis. The crystal and plate assembly formed a 
capacitor across which potentials appeared due to the laser-induced dc 
polarization in the crystal. This capacitor was coupled to a cathode follower, 
whose output was amplified by a wide band system and subsequently displayed 
on an oscilloscope. The laser beam intensity was monitored by a fast photocell 
after its passage through the crystal. 
The ratio of the observed dc voltage, Vd, to the laser beam intensity I in the 
geometry shown in Fig. 2.2 was predicted by: 
VAC 20 =Kßsin (2.7) 
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Where 0 is the angle between the optical electric field and the crystal z-axis, 6 is 
the dc effect coefficient [5] and K is a constant which depends on geometrical 
factors and circuit parameters. The experimental results matched very well with 
the sin 2 behaviour predicted by Eq. (2.7). 
Since the first observations of the ORE, many experiments related to this topic 
have been performed. For example: measurements of the optical rectification 
coefficients [4], [6], analysis of electromagnetic shock waves from transmission 
lines [7], electromagnetic radiated field due to optical rectification [8], [9] and 
generation of electrical pulses [ 10,11 ]. 
Retainer 
Iz Direction of light propagation 10 
Brass plate 
Fig. 2.3. A sectional view of the crystal-capacitor mounting. After 
Ref. [4]. 
There are some papers of particular interest to the work presented in this thesis, 
as they describe similar approaches to achieving electrical pulses from 
semiconductor and microwave waveguides. These papers are described in the 
next section. 
2.3.2 Generation of electrical pulses using the ORE (a 
review). 
In 1997, Moagar-Poladian [10] proposed a new kind of photodetector, based on a 
MOS transistor with an optical rectification controlled gate. The photodetector 
structure is shown schematically in Fig. 2.4. The device consists of a typical 
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MOS transistor structure to which a non-linear medium, NM, and an electrode 
area, EI, were added (see Fig. 2.4). The typical MOS transistor is formed by the 
E2-DE-Sub and D-S structure. The polarization direction of the light beam is 
perpendicular to the paper. The light beam propagates through the non-linear 
medium between the electrodes and a voltage due to the ORE is generated. With 
a structure like this, the total voltage required to drive the gate, VT, is a 
superposition of the voltage applied from an external circuit, VG, and the voltage 
due to optical rectification, VDC, which is given by: 
it d sin 2a Vom, = 2s; c 
q) (2.8) 
where x,, is the (zxy) element of the electro-optic tensor, d is the thickness of the 
non-linear medium, a is the angle between the polarization direction of the light 
beam with respect to the x-axis, s; is the electric permitivity of the medium along 







Fig. 2.4. Schematic diagram of the structure of the optical rectification 
MOS: G, gate; El, upper electrode; NM, optical non-linear medium; 
E2, lower electrode; DE, dielectric; D, drain; S, source; Sub, substrate. 
After Ref. [10]. 
In this way, the transistor can be switched on and off only by controlling the light 
beam which is propagating in the NM region. The NM region can in principle be 
KDP or GaAs. This work does not present experimental results or even 
suggestions for the fabrication of the device but does present numerical results 
showing the electrical behaviour of the MOS transistor with this new kind of 
gate. 
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A more recent work was presented by Nahata and Heinz [I I] in 1998. They 
describe the generation of sub-picosecond electrical pulses by using optical 
rectification of ultrashort optical pulses. The device used in the experiment is 
shown in Fig. 2.5, and is basically a coplanar strip-line geometry with a LiTaO3 
crystal superstrate acting as the non-linear medium. A photoconductive switch 
was defined by coplanar strips separated by an electrode gap. 
A mode-locked Ti: Sapphire laser producing 160 fs pulses at 800 nm with a 76 
MHz repetition rate was used as the optical source. The pump beam, with optical 
pulse energy of 0.65 nJ was positioned at point A and the temporal waveform of 
the sub-picosecond electrical pulse generated by optical rectification was 
observed. The effects on propagation by translating the pump beam to point B 
were also observed. No signal was observed in the absence of the LiTaO3 crystal. 
When the pump beam was positioned at point C, the temporal waveform signal 
became a flat signal demonstrating that the measured electrical pulses were 
indeed guided waves on the transmission lines instead of freely propagating 
terahertz radiation generated in the non-linear medium (see ref [11 I for the plot 
of the signal in each point). 
Detection 
Fig. 2.5. Schematic drawing of the device with a coplanar strip-line 
transmission line and an integrated photoconductive switch. The 
LiTaO3 crystal superstrate is bonded onto the device. Points A-C, 
represent the positions of the pump beam used in the experiment. After 
Ref. [! ]J. 
A complete work on optical rectification in waveguide like structures was 
presented by U. Peschel et al [12]. In this paper, they suggest an optical 
waveguide structure with a metal strip on the top and a doped substrate on the 
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bottom providing the electrodes to collect the electrical signal. (Fig. 2.6). A 
GaAs core is sandwiched between two AlAs layers to allow for optical guiding. 
Lateral confinement is provided by a rib etched into the cladding layer. The 
microwave field is created between both electrodes. This structure is designed to 
avoid losses due to free carrier absorption, and there is a small separation 
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Fig. 2.6. Structure under investigation (top: geometry, bottom: 
coordinate system). After Ref. [121. 
Their simulations show encouraging results; the optical pulse generates an 
electrical pulse that propagates along the device. For a non-velocity matched 
structure, most of the electrical signal propagates with a velocity dictated by the 
microwave waveguide whilst the rest of this signal travels together with the 
optical pulse. For a velocity-matched structure, the electrical field is proportional 
to the derivative of the optical power, rather than the optical power itself. 
Unfortunately, the conversion efficiency that can be achieved in waveguide like 
structures is very small. 
Finally, the work reported by S. Graf et al. [13], is a very close experimental 
approach to the work described in this thesis. They used a SI-GaAs substrate as 
the nonlinear material. The light coupling into the SI-GaAs is from the [110]- 
cleaved edge. A gold layer evaporated on the topside of the slab with the ground 
metallization on the backside forms a microstrip structure. See Fig. 2.7. The 
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dimensions are d= 380 µm thick and I=4.6 mm long. An optical rectification 
signal is obtained by exciting the device with light pulses of energy Q= 4µJ at a 
wavelength of 8 µm. The pulse width was on the range of 1 ps to 6 ps. The signal 
shape closely follows the time derivative gaussian pulse with a width 
corresponding to the bandwidth of the sampling scope (36 GHz in this case). The 
plots in this paper show that the electrical signal obtained is in the order of 60 
mV peak. Changing the angle of polarization of the incident beam proved that 
the signal was really been produced by optical rectification. The amplitude of the 
signal vanishes at 0° and reaches its maximum at 90°. The analytical expression 
they give for the absolute voltage amplitude V(O) of the expected ORE peak 
signal, which is BW limited is: 
z 
V(9)- 












Fig. 2.7. Schematic structure of the ORE device with coaxial 
connector. The plane axes are also shown. After Ref. [13]. 
As we can see, there have been different approaches, theoretical and 
experimental, to obtain very short electrical pulses by means of the ORE. Our 
particular approach has its bases in create a device compatible with integrated 
optics and in the best of our knowledge this has not been demonstrated before. 
The summary of the four approaches presented above and the details of the 
device explained in chapter 5 of this thesis is shown in table 2.1. 
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Table 2.1. Comparative table of previous ORE experiments. 
Reference Structure Nonlinear Wavelength Peak Approach Guided 
No. Media (nm) Power light 
[101 Bulk GaAs/KDP -- Theory Yes 
11 Bulk LiTa03 800 4.062 Experimental No 
[12] Double GaAs/AlAs 1500 1.0 Theory Yes 
Heterostructure 
[13] Bulk SI-GaAs 8000 03 Experimental Yes 
to 
4.0x103 
This work Double GaAs/AIGaAs 1500 1.38 Experimental Yes 
ORE4S* Heterostructure 
P41 I 
Calculated using a square pulse approximation. 
** Sample ID used in chapter five. 
2.4 GaAs/AIXGai_XAs system. 
Gallium Arsenide (GaAs) has been a very popular III-V semiconductor material 
on the fields of high-speed electronics (FETs), optoelectronics (LEDs, 
photodetectors) and nonlinear optics (SHG). Its properties have been extensively 
studied in different works [15,16] and, because of this, most of its optical and 
electrical design parameters can now be estimated using simple analytic models. 
In the same way, the AlGaAs system is one of the most important alloy systems. 
This popularity is due to its excellent lattice match to GaAs substrates allowing 
us to create many different heterostuctures and quantum well structures. The 
GaAs/AlGaAs heterostructure find its applications again in high-speed 
electronics (MODFET), photonics (semiconductor laser, modulators) and 
nonlinear optics (semiconductor waveguides, solitons). 
2.4.1 The Gallium Arsenide lattice. 
GaAs is a direct band material and therefore attractive to optoelectronic 
applications. GaAs has a zincblende lattice, one As atom bonded to four Ga 
atoms forms the primitive cell. The GaAs cell can be defined using a three- 
dimensional coordinate system with unit basis vectors a, b, c that in this case are 
orthogonal. Any distance within the lattice can be defined by the vector r= ha + 
kb + Ic, where h, k, and I are integers. According to this, any direction in the 
crystal can be defined by the set of integers [hkl]. Therefore, directions [100], 
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[010] and [001] are directions pointing along the vectors a, b, and c within the 
cell. These directions are also perpendicular to the planes (100), (010) and (001) 
respectively which are defined by the Miller indexes. Fig 2.8 shows a 






Fig. 2.8. GaAs (zincblend) structure containing four primitive cells. 
GaAs is a noncentrosymmetric crystal, which means that the coordinate r cannot 
be replaced by -r. This property makes GaAs attractive to NLO experiments as 
well as electro-optic devices. GaAs cleaves most readily on the {110} family of 
planes. 
2.4.2 The AlGaAs alloy. 
The precise control available in the growth of AlGaAs, allows tuning of the 
refractive index of the layers while still being lattice matched to a GaAs 
substrate. Fig. 2.9 shows three comparative lattices of GaAs, AIGaAs and a 
GaAs/AlAs superlattice. The AIGaAs alloy is grown perfectly random. The Al 
atoms occupy the place of the Ga atoms and the control parameter is the 
concentration of Al in the alloy usually referred as a percentage. 
The alloy presents a switching in the band gap form direct to indirect for an Al 
fraction above -35%. This is a reason why most device structures use a 
















Fig. 2.9. Comparison between (a) GaAs lattice, (b)AIGaAs lattice and 
(c) GaAs/AlAs superlattice. 
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2.4.2.1 Electronic band-gap energy. 
The electronic band-gap energy is defined as the distance between the lowest 
conduction band and the highest valence band. This distance is normally given in 
eV. The band-gap energy is different for every material, or compound and is 
affected by temperature. The electronic band-gap energy in A1XGa1_,, As can be 
calculated at 300 K by (in eV): 
Eg(x)=1.424+1.247x, (0<_x50.45), (2.10) 
Eg (x) =1.424 +1.247x + 1.147(x - 0.45)2, 
(05 x: 5 0.45 (2.11) 
Using eq. (2.6), for a concentration of 18% of Al, we have Ab 18Gao. 82As =1.648 
eV (X = 0.750 µm). For a concentration of 24% of Al, we have A10.24Gao. 76As = 
1.723 eV (X=0.72 µm). 
2.4.2.2 Optical refractive index. 
One key parameter in optoelectronic devices is the refractive index of the 
material. The refractive index can be estimated using the model proposed by 
Adachi in [16]. This model is described in Eq. 2.12. As with many other 
parameters, the refractive index is estimated extrapolating the known 
experimental values of the binary compounds or other quaternary compounds. 
Results for GaAs, Al0.18Gao. 82As and Alo, 24Ga0.76As are shown in Fig. 2.10. 
] Y2 





f(z) =%. 2[-(1+%)Y-(1-x)3, (2.12b) 
%Eo (2.12c) 
xsO = tl(EE + eo) (2.12d) 
Ao (x) = 6.3 + 19. Ox (2.12e) 
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Bo(x)= 9.4-10.2x (2.120 
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Fig. 2.10. Calculated refractive index of A1,, Ga, _,, 
As as a function of the 
wavelength. 
It can be seen that the refractive index decreases when the concentration of 
aluminium increases. 
Table 2.2 shows some parameters of the GaAs/AIGaAs system used in this 
thesis. 
Table 2.2. Properties of GaAs and AIGaAs. 
GaAs Ab, Ga As AGs 
Eg eV 1.424 1.648 1.723 
n 1550 nm 3.4415 3.3566 3.3274 
X (pV/m) 238' 
340b 
327` 319` 
12.9 11.26 11.0 
a optical susceptibility calculated as x= 2d36 at 1.533 µm. d36 = 119 pV/m taken from Ref. [18]. 
b Optical susceptibility calculated as x= 2d36 at 1.064 µm. d36 = 170 pV/m taken from Ref [ 18]. 
Values estimated with the results shown in Ref. [19]. d(,. A, = 170 pV/m @ 1.064 µm. 










2.5 Semiconductor optical waveguides. 
Semiconductor optical waveguides are a very important part of modern 
integrated optoelectronic systems. Applications range from optical filters, 
switches, modulators and perhaps the most popular semiconductor lasers. One of 
the main advantages in using optical waveguides, as opposed to bulk material, is 
the power confinement. In a bulk material, the optical beam is focused at the 
centre of the crystal and the beam diverges again. In a waveguide, the optical 
beam is focused on one of the facets of the waveguide and it retains a constant 
width over the entire propagation length. The cross section of the beam at the 
output is the same, as the cross section at the input i. e. the bean does not diverge. 
This power confinement combined with the small dimensions of the waveguide 
produces very high optical intensities, which is an advantage in the field of 
nonlinear optics. 
2.5.1 Design of the optical waveguide. 
There are different ways in which you can create an optical waveguide. The rib 
waveguide, or strip-loaded waveguide, is the option chosen here. The 
waveguides used in this work, were fabricated in the GaAs/AlGaAs system. The 
vertical confinement is achieved by the difference in refractive index produce by 
the different composition of aluminium in the cladding and core layers. The 
lateral confinement is produce by etching part of the material layers away. The 
whole structure is grown on a SI-GaAs substrate. A schematic of a typical rib 
waveguide is shown in Fig. 2.11. 
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Fig. 2.11. Schematic of a rib waveguide showing three epitaxial layers 
forming the upper cladding, core and lower cladding which provide the 
vertical confinement. The lateral confinement is gain by etching part of 
the material away to a depth h. W defines the width of the waveguide. 
In order to design a low-loss single mode optical waveguide, we need to have a 
look first at the requirements of the device. Optical rectification in AlGaAs uses 
the ultrafast nonlinear refraction in the mid-band-gap well demonstrated in [20]. 
The choice of the Aluminium composition in the layers has to be made according 
to the application of the device. If we are intending to work at the 
communication wavelength of around 1.5 µm, the corresponding energy (0.826 
eV) must coincide with an energy below half band-gap of our optimum material. 
In other words, we are looking for a material with a band-gap of 1.652 eV, which 
compares with the value calculated in section 2.4.2.1 for an aluminium 
concentration of 18 %. For the lower and upper cladding, a concentration of Al 
of 24 % was taken from previous optimised designs [21]. As the optical 
refractive index of the SI-GaAs substrate is higher that the guiding layer, a thick 
lower cladding is required to reduce leakage losses. A value of 4µm is commonly 
used in AlGaAs waveguides. Finally, the upper cladding is I µm thick because 
we do not want to disturb too much the planarity of the electrical structure on top 
of the device. What this means is that having a signal conductor on a different 
plane that the ground electrode, combined with the small gap between the 
electrodes, will affect the frequency response of the line. The geometry of our 
device will be explained further in section 2.6, but as a rule, the higher the central 
conductor compared to the ground plane, the lossier the electrical structure will 
be. This concept is illustrated in Fig. 2.12. A transmission line fabricated on a 
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planar sample has a transmission loss (S21 parameter) of around 0.2 dB at 40 
GHz (blue trace) while the same structure with the signal electrode on top of the 
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Fig. 2.12. Measured S21 parameter for a CPW line with no ridge (blue 
trace) and a CPW line with the central conductor on top of the ridge 
(red trace). 
The different wafers utilized in this work are detailed in on the corresponding 
sections in Chapter 5. To illustrate the design of the waveguide, we are going to 
use the wafer A1500. The layer structure of this wafer is given in section 5.4.4. 
To find the optimum geometry for which we have maximum light confinement in 
a single mode device, we use the help of software called FimmWave. A width of 
5 pm was chosen for the waveguide. The etch depth, h was scanned from 0.1 p. m 
to 0.9 µm. For the layer composition of wafer A1500, the optimum etch depth in 
function of power confinement and a single mode structure, was found to be 
0.851Am. The results of the simulation are shown in Fig. 2.13. 
The confinement factor on the core layer is 0.8253 and the effective refractive 







Fig. 2.13. Simulation in FimmWave for the wafer A1500 with W=5 
µm and h=0.85 µm. (a) modal intensity distribution, (b) energy 
density and (c) 3D energy density. 
2.5.2 Loss measurements. 
Attenuation of the signal in most of the components of an optical/electrical 
system is for the most part undesirable but unavoidable; optical waveguides are 
no exception. According to [22], there are three different loss mechanisms in a 
semiconductor waveguide: absorption, scattering and leakage. The way to deal 
with these different loss mechanisms depends on the performance of the device 
(what the device is suppose to do). In general, for a low loss waveguide we can 
minimize the loss by using a low refractive index contrast (loss is oc An2), which 
creates a smooth interface between the cladding and the core layers. We can also 
use a lower cladding which is sufficiently thick to minimise leakage. The way 
losses mechanisms in an ORE device were dealt are described in the next 
paragraphs. 
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The material structure required for an ORE device, operating at 1.55 µm is 
described in section 2.5.1. It can be seen that this material is completely 
transparent at the wavelength of interest and also avoids TPA. Absorption losses 
in this kind of material are low if the free carrier density is kept low in order to 
avoid intraband transitions. The fact that some of the devices have a minimum 
amount of free carriers improves the loss characteristic of the device. Because of 
the particular design of the ORE devices, a layer of high absorbing material (gold 
electrodes) is place very close to the waveguide core. To reduce absorption on 
this case, we need to reduce the overlap of the modal intensity distribution with 
the absorbing material. A layer of Si02 acting as a buffer between the layers has 
proven to be enough to reduce this overlap. Also, the electrodes are placed at 
least 300 µm away from the facets to reduce coupling losses. Scattering losses in 
III-V semiconductors arise primarily from rough interfaces (both epilayer 
boundaries and etched rib surfaces). All the wafers utilized to fabricate ORE 
devices were grown by Molecular Beam Epitaxi (MBE). The change in refractive 
index between the core and the cladding layers is only 1% according to the 
figures in table 2.2, and therefore the transition between the layers will be 
smooth. The ridges were shallow etched by reactive ion etching. For shallow 
etched structures, the quality of the wall is not a critical parameter. Nevertheless, 
the quality of the etching used here is acceptable as shown in chapter 4. As for 
leakage losses, the design described in section 2.5.1 minimise the slab radiation 
loss and the guided light into the substrate due to its greater refractive index. The 
design of low loss optical waveguides is reviewed in [22] and references therein. 
Propagation losses of the ORE devices were measured using the Fabry-Perot 
contrast method [23][24]. This technique relies on the oscillating behaviour of 
the transmitted intensity of the waveguide resonator, formed by the waveguide 
itself and the cleaved end facets. The transmitted intensity varies periodically 
with the optical phase difference, which can be tuned by temperature, applied 
electrical field, or wavelength. Tuning of the wavelength is the method used 
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1 NfK--l K= 
1'"e" 
(2.13) 
LR +l 7m; ß 
where L is the waveguide length, and R is the reflectivity of a cleaved facet. 
and T,,,;,, are the maximum and minimum value of the transmission. 
The set-up used for loss measurements is shown in Fig. 2.14. A tunable laser 
tunes the wavelength on a stepped sweep whilst the corresponding value of 
transmission is recorded by a photodetector and a Lock-in amplifier, which is 
synchronised to an optical chopper. The light is end-fire coupled into the ORE 
device. The polarizing beamsplitter is controlling the input polarization of the 
light. Finally, a 50/50 beamsplitter at the input allows the use of a CCD camera 
to aid with the alignment. 
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x40 Microscope x 20 Microscope 
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Fig. 2.14. Loss measurement set-up. The oscillations in transmission 
are obtained by tuning the wavelength. 
A typical transmission characteristic for and ORE device using the set-up 
described above can be seen in Fig. 2.15. Here, by using equation 2.13, we find a 
value of a=1.8 dB/cm. This value was obtained for an ORE4 (see chapter 5) 
using TE input polarization. The wafer used to fabricate these devices was 
A1500. The Polarization dependence loss (PDL) between TE and TM input 
polarization was found to be < 1.5 dB/cm. TE and TM are the conventional 
waveguide notations for transversal electric and transversal magnetic 
respectively. TE polarization has its electric field perpendicular to the plane of 
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Fig. 2.15. Measured resonator transmission versus wavelength. Losses 
can be evaluated by measuring the ratio between maximum and 
minima. 
Losses for different ORE devices were evaluated for TE input polarization and 
the best results are shown in table 2.3. 
Table 2.3. Optical losses for different ORE devices fabricated 
nn different wafers 
Sample LD. Wafer Loss (dB/cm) 
OREI B792 NA 
ORE2 B828 1.00 
ORE3-05 A1445 4.90 
ORE3-08 A1445 3.54 
ORE4-28 A1500 1.45 
ORE4-32 Al 500 1.77 
ORE4-36 A1500 2.2 
ORE4-80 A1500 2.00 
ORE4-116 A1500 2.72 
Most of the ORE3 devices had problems on the etching step. The formation of 
"grass" produced poor quality devices and this is reflected on the loss value. This 
though, is believed to be associated with the performance of the RIE tool at the 
time of the fabrication and not with the wafer growth. Relatively low loss values 
can be seen for the rest of the devices. The variation of loss among devices 
fabricated in the same wafer is because they were made on different batches and 




rectification in semiconductor 
In this chapter, we made clear that an optical rectification polarization is 
expected to appear across the ORE device. The way we are going to quantify this 
polarization (in volts), is by using electrodes on top of the waveguide. This is a 
critical point because we have to design the two devices independently, one 
optical (waveguide) and one electrical (CPW line), then put them together to 
create the ORE device. The design of the optical waveguide is described in 
section 2.5.1 whilst the details of the design of the CPW line are discussed in 
chapter three. In this section, we are going to show the design requirements of an 
ORE device as a whole and the equations that describe its behaviour. 
An ORE device can be envisaged in Fig. 2.16. The fabrication process of the 
device is covered in chapter four. It is very important to notice that the device has 
a CPW line with the central conductor right on top of the ridge. In order to 
maximise the overlap of the optical mode and the microwave mode, the CPW 
line must be in close proximity with the waveguide. The design of the ORE 
device presents two options: the non-velocity matched case and the velocity- 
matched case using slow-wave electrodes. For the velocity-matched case, the 
conversion efficiency has been modelled in similar structures to be 1% whilst for 
the non-velocity matched case; an efficiency of 8.8x10'7 % was obtained [12]. 
The velocities to match are the group velocity of the optical signal with the phase 
velocity of the microwave signal. If this condition is obtained, then we have a 
travelling wave optical rectification device where the bandwidth is given by the 
intrinsic resistivity of the electrodes and the quality of the material instead of the 
RC constant of the device. The reason why we need a small separation between 
electrodes can be seen in Fig. 2.17. Here, the microwave field (red lines) is 
overlapping the optical field (blue lines). It is easy to imagine that if the 
electrodes are far from each other, the microwave field is going to move closer to 
the surface and the overlap with the optical field will be reduced. 
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The optical rectification polarization will induce a current on the CPW line with 
given impedance Zo. The ORP will follow the optical pulse (Fig 2.1 c) and the 
induced current on the CPW line will be proportional to the first derivative of the 





Fig. 2.16. Schematic of an ORE device with [100] growth direction and 
[011 ] cleaving direction. The blue arrow shows the direction of the TE 
applied optical field while the the red arrow indicates the direction of 
the microwave field. The central conductor of the CPW line is placed 
on top of the ridge to maximize the overlap between the modes. 
Fig. 2.17. Cross-section of the ORE device shown in Fig. 2.16 showing 
the overlap between the optical mode (blue lines) and the microwave 
mode (red lines). The electric field lines for the microwave mode 
travelling into the air have been omitted for simplicity. 
The design's philosophy of the ORE device has been presented before in [26] 
and [27]. 
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2.6.1 Formulas for optical rectification in waveguides. 
The basic equations describing optical rectification in GaAs, for the device 
shown in Fig. 2.16 with growth direction in [100], have been derived by Bubke 
[28]: 
I -FIIZ +a,,,, + 
ýt]U"''` x2 
ät 
lU 12 (2.14) 
c 
where do/c = (nm; c-n )/c is the mismatch between microwave and TE optical 
group velocity. xeff is the effective 201 coefficients which depends on the overlap 
between both fields. amic is the microwave loss which strongly depends on the 
frequency. UTE and Umic are the magnitudes of the TE optical mode and 
microwave mode respectively. Dispersion, which might affect the result for very 
short pulses, is neglected. 
A non-velocity matched structure can be represented by An #0 in Eq. 2.14. In 
this case, the generated microwave consists of two signals, 
U'°= 
2An 




f exp(azlUTI2 t- dz' 
c(z-z) 0 
The maximum amplitude is hence given by U, = P; "Zff 
Y2An 
. 
A velocity matched structure can be represented by An = 0. The generated 
microwave is the growing single signal, 
2 
Z ff 1- exp(- az) äUI (2,16) U"ý` 
2a at 
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The final amplitude depends on the loss in the structure. Further, 
Lim 1- exp(- az) =z which corresponds to linear growth when there are no a-*O a 
losses. 
The work described in [12] bases its calculations on these equations. 
2.7 Conclusions. 
In this chapter, we presented a concise explanation of the optical rectification 
effect and explained how to engineer an ORE device. The understanding of the 
ORE is vital to make the right material choice for the ORE device. To the best of 
our knowledge, a physical ORE device using the semiconductor material of 
choice has never been reported in the literature before. The review of the 
previous work in rectification showed how other research groups have been 
approaching the concept (and/or fabrication) of a device capable of generating 
ultrashort electrical pulses using optical rectification. The literature review also 
shows the novelty of the idea and the difficulties of making a semiconductor 
ORE device at communication wavelengths. The main problem when working 
with semiconductors is the fact that is virtually impossible to eliminate free 
carriers effects which can act in decrement of the device performance. These 
effects, however, can be minimized. This chapter underlines the uniqueness of 
the research presented on this thesis. 
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3. Planar transmission lines: 
Coplanar waveguides. 
3.1 Introduction. 
Transmission lines have been, throughout the years, the most popular way to 
propagate electromagnetic energy at microwave frequencies. Modem technology 
integrates transmission lines on microwave integrated circuits to interconnect 
different elements within the circuit and, when this is the case, transmission lines 
can then be called planar transmission lines. A planar transmission line implies 
that the characteristics of the line can be determined by the dimensions in a 
single plane. The cross-section of four of the most commonly used types of 
planar transmission lines can be seen in Fig. 3.1. With the exception of the 
microstrip, all the structures have the signal and ground electrodes on the same 
side of the substrate. This condition makes the electrical characteristics of the 
line almost independent of the substrate thickness. Moreover, lines such as 
coplanar waveguides are ideal for on-wafer testing and avoid the need of extra 
processing, on the waveguide such as via etching. On the other hand, microstrip 
lines are widely used because their relatively easy design and simple transitions 
to coaxial cables. In a strict sense, the coplanar waveguide (CPW) and the 
coplanar strips (CPS), are a variant of the slotline but with their own fundamental 
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differences such as the width and the number of the electrodes. The CPW has the 
peculiarity of having the signal electrode situated between two ground electrodes 
and separated from them by a finite gap. The CPW line has proven to be, as we 
will discuss in this chapter, an ideal structure to propagate electrical signals with 
a broad frequency spectra. A complete analysis of the transmission lines shown 
in Fig. 3.1 is available in [1] 
Microstrip Slotline 
Coplanar waveguide Coplanar strips 
D Metal electrodes 
Substrate 
Fig. 3.1. Four of the most used transmission line structures. 
It is important to mention at this point that our interest in planar transmission 
lines comes from the necessity of collection and propagation of ultrashort 
electrical pulses. The optimum electrode design depends on the operation and 
geometry of the ORE device. This condition is similar to what we have in 
electro-optic modulators where all kinds of transmission lines are used. See for 
instance [2] for microstrip, [3] for slotline, [4] for CPS and [5] for CPW. As there 
is an intimate relationship between the ORE and the linear electro-optic effect 
(see section 2.2), the mature design techniques for electro-optic modulators can, 
in principle, be used to design the ORE device. 
In this chapter, the propagation characteristic of an electrical pulse is reviewed, 
giving the reader all the tools needed to understand propagation. An 
understanding of losses is fundamental to understand what could happen when an 
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electrical pulse does not travel attached to an optical wave (which is regenerating 
the pulse). The design parameters of CPW lines are discussed to some detail. By 
the end of the chapter, we proposed two structures, which will create two types 
of ORE devices. The two types of ORE devices were modelled and then 
compared with the experimental results. Emphasis is made in the need of using 
slow-wave electrodes to achieve a velocity-matched ORE device. 
3.2 CPW configuration electrodes. 
The geometry and operation of an ORE device was explained in section 2.6. As 
shown in Fig. 2.16 and Fig. 2.17, an electrical polarization perpendicular to the 
surface is created in the area below the optical ridge. This electrical polarization 
is coupled into a CPW, which was chosen for the reasons described above and 
because of its compatibility with the testing equipment available. 
The design parameters of a CPW line are losses (should by minimised) and 
characteristic impedance. These parameters can be adjusted just by altering the 
geometry of the line. A typical geometry for a CPW line is shown in Fig. 3.2. 
Gold Electrodes 
Substrate /f Wf 
Fig. 3.2. CPW geometry. 
In a CPW line, the phase velocity in m/s is given by: 
c ý3. Iý Vph = 
ý9 
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where c is the speed of light in m/s and s9 is the quasi-static effective dielectric 
constant of the line and is defined by, 
sg = 
ý'2 1 (3.2) 
. is the substrate dielectric constant. 
Equation 3.2 is the representation of the fact that, in a CPW line, half of the 
electromagnetic fields exist in the air above the substrate and half within the 
substrate itself. 
3.2.1 Losses in CPW transmission lines. 
Once an ultrashort electrical pulse is generated on a transmission line, its 
propagation is determined by the characteristic attenuation and dispersion of the 
line. Attenuation refers to the exponential decay of the field amplitude of a mode 
in the direction of propagation. It is normally expressed in dB per unit length. 
Dispersion is a property of a planar transmission line whereby the phase velocity 
of the mode of propagation is frequency dependent, or equivalently, the phase 
constant is not proportional to frequency [6]. The propagation of an electrical 
signal in a CPW line is therefore expressed as [7]: 
V(f, z)=V(f, O) -(a(f)+iß(f))z (3.3) 
where V(/, z) is the Fourier transform of the time domain waveform at a distance 
z, a(f) is the frequency dependent attenuation and flo is the frequency dependent 
phase constant which determine the distortion of the electrical signal due to 
dispersion. In a CPW line, / is given by [8], 
ß(fý = 2; s, ff .f 
(3.4) 
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eef is the frequency dependant effective dielectric constant and will be defined in 
equation 3.6. 
The loss mechanisms involved in the propagation of short electrical pulses in 
CPW lines have been studied throughout the years (see [7], [9], [10] and [11]) 
and as a result, analytical expressions for every loss mechanism have been 
derived from the numerical solution of the electromagnetic problem. Attenuation 
of the electrical signal propagating in a CPW line can occur because of. radiation 
losses, conductor (or ohmic) losses, dielectric losses and magnetic losses (only in 
magnetic substrates i. e. none in GaAs). As mentioned before, the CPW mode 
propagates at the interface between the air space and the substrate. The CPW 
mode will then propagate with a phase velocity that exceeds that of a TEM wave 
in the higher dielectric constant material. This condition gives rise to radiation 
from the guided CPW wave into the substrate at certain angle 0defined as [12]: 
cos e= Er (3.5) 
where cff is the effective dielectric constant seen by the CPW mode and C' is the 
dielectric constant seen by the radiated mode. Analytic formulas for the 
attenuation of electrical transients due to radiation losses have been deduced by 
Frankel [7]. Above 200 GHz, radiation losses are the main mechanism for losses 
in a CPW line. Radiation losses increase with frequency in an almost strict f3 
dependence, where f is the frequency. The fact that the effective dielectric 
constant varies slightly with frequency modifies the f3 dependence of the 
radiation losses. The variation of the effective dielectric constant with frequency 
can be approximated by: 
sei f= JEq + (3.6) 1iýa(. t_J4] 
Here, 
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4h c, -1 
(3.7a) 
is the cut-off frequency of the lowest order TE mode, b (-1.8) is taken to be 
independent of geometry while a is computed from 
Tog(a)-. ulog(W/G)+v (3.7b) 
where u and v depend on the substrate thickness h as follows: 
u-0.54 - 0.64q + 0.015g2 (3.7c) 
v-0.43 - 0.86q + 0.54g2 (3.7d) 
q= log(W/h) (3.7e) 
The geometric parameters W, G, and h are defined in Fig. 3.2. In summary, 
radiation losses depend on the dielectric constant, the substrate thickness and the 
geometric parameters. 
The attenuation coefficient for radiation losses can be calculated by: 
2 
a, =4.34 2 
e' ý; j 
$eff 
Er 
+ 2G_ s; '` f3 dB/unit length (3.8) 
K'(k)K(k 
where k= W/(W+2G), K(k) is the complete elliptic integral of the first kind, and 
K'(k) = K(1-k2). This equation is valid for geometries approximately 
constrained by 0.1 < WIG < 10 and h> 3G. a,, for different geometries of lines 
as a function of frequency is shown in Fig. 3.3a. The geometric parameters of 
CPW 1 are W=4 µm, G=3 µm, for CPW2, W= 10 µm, G=7.5 pm and for 
CPW3, W= 20 µm, G= 15 µm. In all the cases h= 400 pm. The characteristic 
impedance ZO of the three lines fabricated in GaAs is 50 f2 ± 1.5Q. CPW1 is 
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what we could call a non-standard CPW line because of the very small 
dimensions of the line but is included here because of its similarity with an ORE 
device (section 3.2.4). CPW3 is a more standard line and this sort of geometry is 
utilised in MW circuits, electro-optic modulators and antennas. CPW2 is not very 
common either but is include as a middle point of the comparison between 
CPWI and CPW3. It can be clearly seen in Fig 3.3a that above 200 GHz, losses 
increase considerably being more critical for CPW3. A common practice to 
overcome the problem of radiation losses is reducing the dimensions of the 
central conductor as is the case of CPWI which is the less affected by radiation 
loss. However, reduction in the central conductor width increases the conductor 
losses. To reduce radiation losses, the thickness of the substrate (in µm) can be 
adjust to be h<0.12A, where A. is the wavelength of the wave propagating into 
the substrate [12]. The ORE devices have a A, = 4100 µm at 20 GHz and h= 420 
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Fig. 3.3. Attenuation coefficient for (a) radiation, (b) conductor, (c) 
dielectric and (d) total losses, as a function of frequency. CPW 1, W=4 
µm, G=3 µm. CPW2, W=10 µm, G=7.5 µm. CPW3, W=20 µm, G=15 




In conventional CPW design, conductor losses between the signal and the ground 
electrode dominate over radiation losses. Conductor losses are determined by 
conductivity, skin effect and substrate roughness, all of which are related to the 
composition of the metal electrodes. Conductivity o depends on the material 
used for metalization, in the case of gold, which is the material use on the 
devices described on this thesis, QA = 4.098x107 S/m. For a finite conductivity 
(practical case), the current density will decrease exponentially from the surface. 
This condition can be represented as a uniform current flowing to a certain depth 
from the surface on the metal. This depth is commonly known as skin depth, & 
The skin depth of a conductor is defined as the distance to the conductor where 
the current density drops to 1/e from a maximum current density or 36.8 




Where f is the frequency in Hz and lro =4 x10'7 Him is the permeability in free- 
space. Therefore, the skin depth of gold (oA,, = 4.098x107 S/m) at 40 GHz will be 
393 run. To minimize conductor loss, the conductor thickness should be greater 
than approximately three to five times the skin depth. Conductor losses increase 
when decreasing the electrodes size due to the greater resistance of narrow strips. 
Another factor affecting conductor losses is the surface roughness. If the 
substrate surface is uneven, the deposited metal electrode will be uneven also, as 
it follows the former. Uneven metal electrodes mean that the current flows 
through an uneven path that is larger than the path on a smooth surface and 
therefore, it encounters greater resistance. Closed form equations for the 
conductor loss can be obtain from [1]. There, the conductor loss can be computed 
using: 
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ate,,, = 4.88x10-4R, EefZo W0 
r1+ -I" 
1.251n 4; rW +1+ 
1.25d dB/unit length (3.10) 
W 1.25d( 4nWl-Z 
2+ G- rG 
11+1n 
dI 
Where Rs = ir fua /6 is the surface resistivity of the conductors, r ff is the 
effective dielectric constant defined in Eq. 3.6, Zo is the characteristic impedance 
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where k is the same geometric factor used in Eq. 3.8. aohm as a function of 
frequency is shown in Fig. 3.3b for CPW1, CPW2 and CPW3. As expected, 
conductor losses for CPW1 are the highest while losses for CPW2 and CPW3 are 
reasonable low. 
Finally, dielectric losses depend directly on the material used as substrate. 
Alumina, quartz and sapphire are commonly used as low-loss substrates. When 
this is the case, dielectric loss ad is negligible compared to the total loss a. 
However, when semiconductor substrates such as GaAs are used, the dielectric 
loss factor can be dominant. Dielectric loss can be computed using: 
ad = 4.34 
1 E`f -1 r° 
lad dB/unit length (3.12) Eý Er -1 co 
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Fig 3.3c shows the value of ad for the three lines under investigation as a 
function of frequency. Even when the losses are higher in CPW3, the magnitude 
of the losses on the three lines is very similar and much smaller that in the other 
two loss mechanisms. The total loss a is the linear combination of all the three 
factors described above, i. e. 
a=ar +ao, m +ad 
(3.13) 
The total loss can be seen in Fig. 3.3d. For CPW I, the high losses start at low 
frequency while for CPW2 and CPW3, they have relatively low loss up to 400 
GHz. At around 900 GHz, the losses in CPWI and CPW3 are comparable. 
CPW2 seems to be the optimum structure of this three to minimize losses. To 
appreciate which loss mechanism is dominant in our different lines we have 
plotted in Fig 3.4 the different mechanisms on a semi-logarithmic scale. 
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Fig. 3.4. Loss mechanisms for the same CPW lines defined in Fig. 3.3. 
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At low frequencies, when radiation losses are small, conductor loss is always 
going to be the dominant mechanism of loss in a CPW line. Radiation losses are 
not a factor here for any geometry. For CPW1 (Fig. 3.4a), conductor loss is by 
far dominant over the other two mechanisms at any frequency. The reason for 
this has already been explained above. In CPW2 (Fig. 3.4b), again conductor loss 
is the dominant mechanism up to 700 GHz when radiation loss starts to be 
comparable in value. For CPW3 (Fig 3.4c), radiation loss is the dominant 
mechanism above 400 GHz. Finally, in Fig. 3.4d we re-plotted the total loss as in 
Fig. 3.3d. 
When short pulse propagation is the main application of a CPW line, carefully 
design must be taken into account. The right choice of the substrate, metalization 
and geometrical parameters depend on every specific device, or application. 
When designing a CPW line, the first thing to consider is the dimension ratio 
required to achieve desired characteristic impedance. Following that, the strip 
width should be minimized to decrease the overall dimensions as well as 
suppress higher order modes. At this point it is important to remember that a 
smaller W leads to higher losses. The substrate thickness must be chosen to 
reduce radiation loss but then again, a decrease in h while maintaining the same 
characteristic impedance requires narrower W. Small W means small G and 
therefore, the fabrication tolerances become very tight. This is the case of CPW 1 
where W= 4 µm and G= 3µm. 
The validity of some of the models presented above has not been verified 
experimentally for CPW lines with small dimension such as CPWI. Therefore, it 
is difficult to determine the real final number for losses but as we will see in the 
next sections this model follows quite well the experimental values obtained 
from the lines at frequencies below 60 GHz. 
If the pulse were re-generated at any given position along the transmission line, 
then we would have a way to overcome the very high loses produced by narrow 
lines and high operation frequencies. The concept of a travelling wave ORE 
device provides an electrical pulse travelling attached to an optical pulse and 
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therefore, even when the former will be subjected to losses, it will maintain a 
minimum distortion and attenuation during its propagation. 
3.2.2 Characteristic impedance. 
The impedance (ratio of voltage to current) experienced by a wave travelling in a 
transmission line is known as the characteristic impedance, ZO, of the line. Zo in a 
CPW line is determined by the geometric factors and the material used as 
substrate. The characteristic impedance is given by [1] 
_ 
30, r K(k) Zo 
ýe$ Kr(k) 
(3.14) 
1; K(k) and K(k) are defined as in Eq. 3.8. The elliptical integral can be solved 
by numerical methods, or using the following approximations: 
K(k) 
-1 In 21+ý K'(k) 1-. %fk- 
for0.7075k51 (3.15a) 
K(k) 
_ 1+ T-(-k) 1n12 
1- k' 
for0_<k50.707 (3.15b) 
as a reminder, k= W/(W+2G) and k'= 1- k2 . 
The characteristic impedance of a CPW line in function of the ratio between the 















Fig. 3.5. Characteristic impedance as a function of the gap between 
electrodes G over the central conductor width W. 
3.2.3 Relation between the scattering and the ABCD 
matrix. 
Different CPW lines were fabricated based on computer simulations and then 
electrically characterised to obtain the scattering parameters. The scattering 
parameters or s-parameters of an N-port network relate incident and reflected 
voltage waves at the ports of the network, and provide all the relevant 
information concerning with passive microwave components including 
transmission lines. These parameters are normally arranged into a matrix known 
as scattering matrix defined, for a two-port network, as: 
S= 
SI I Su (3.16) 
SZ, Say 
Elements on the diagonal are reflection coefficients and elements off the 
diagonal are transmission coefficients. In this way, S1., is the reflection seen by 
the port 1 produce by a signal injected into the port 1, S2, is the transmission 
measured at port 2 relative to port 1 and so on. A completely explanation of the 
s-parameters can be found in [14]. Another way to describe an N-port network is 
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0.0 0.2 0.4 0.6 0.8 1.0 
G/W 
using the ABCD parameters or ABCD matrix. A two-port network representation 
is shown in Fig. 3.6 using the ABCD parameters to relate voltages and currents 
on the network. 
Ij 








Fig. 3.6. Two-port network representation. 




1, CD 12 
Even when all the parameters of the line can be obtained from the scattering 
matrix, the ABCD matrix presents certain advantages when using cascading 
devices. Furthermore, there are blocks already available for design in function of 
the ABCD matrix. In this work, ABCD parameters were use to calculate the 
characteristic impedance, Z0, and the microwave refractive index, nmw. The total 
loss of the line was obtained from the S21 parameter. To convert the s-parameters 
to ABCD parameters the following relations can be used [15]: 
(1+SX1-522)+s12S21 
2S 21 
CD1 (1-S, 1X1-S22)-Si2S21 
Z 2S21 
Z 
(1 + S X1+ S22)- S12SZ, 
2S2 (3.18) (1- S1, X1 + 522)+ S, 2S2, 
2S21 
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where Z is the reference impedance of the network and in our specific case Z 
500.. From the ABCD parameters, the complex characteristic impedance Zo and 






'[In IA ZD)± IA 2DJ -1 (3.20) 
where L is the length of the transmission line. The propagation constant is: 
y=a+jß (3.21) 
where a is the attenuation coefficient defined in Eq. 3.13 in Np/unit length and ß 
is the phase constant defined in Eq. 3.4 in rad/unit length. There are two 
solutions for Eq. 3.19 and Eq. 3.20. The value with a physical sense for Zo must 
be positive. The physically meaningful value of y has a positive a. The phase 
velocity vph can the be calculated from 
VP4 = 
2ý (3.22) 
and the correspondent microwave refractive index nmw from 
c (3.23) 
Vph 
3.2.4 Electrodes for a non velocity-matched ORE device. 
The simplest design of a CPW line as electrodes for an ORE device is based only 
on the characteristic impedance. A characteristic impedance of 50 0 is desirable 
on the line because of the compatibility with the characterisation equipment. As 
56 
described in section 2.5.1, the width of the ridge, W,, pr, is 5 µm and therefore the 
central conductor of the CPW cannot be wider than this. The dimension chosen is 
W=4 pm. Using Eq. 3.14, G=2.7 µm provides 50 92 characteristic impedance. 
For easy design of the fabrication mask, a gap G=3 µm was chosen for the 
CPW line. With this new dimensions, the characteristic impedance Zo = 51.4 Q, 
which is completely acceptable for a transmission line. For this structure, the 
microwave refractive index and the losses were calculated. The actual 
dimensions of the line are considered as "small" on the field of planar 
transmission lines. Small values of Wand G are not commonly used in standard 
microwave circuits mainly because the high conductor losses but in this case we 
are limited by the dimensions of the optical ridge. 
3.2.4.1 Simulation. 
Microwave OfficeTM (MWoffice) was used to simulate all the different CPW 
lines employed in this thesis. MWoffice provides an electromagnetic simulator 
using Maxwell's equations to compute the response of a structure from its 
physical geometry. This kind of simulator can simulate highly arbitrary 
structures providing accurate results. The simulation parameters are as follow: 
frequency sweep from 1 GHz to 61 GHz with 5 GHz steps. Layer 1 (Air) is 100 
µm thick and .=1. Layer 2 (GaAs) is 400 µm thick and E, = 12.9. Loss tangent 
and bulk conductance were set to zero for both layers. The boundary conditions 
for the top and bottom of the enclosure are set to approximate open (337 S2). 
Gold was selected as the conductor with low frequency sheet resistance of 0.025 
S? /D, high frequency loss coefficient of 3.14159x10'7 Q/(0* J-) and null excess 
surface reactance. The conductor thickness was set to 1 µm and the material 
conductivity was 4.098x107 S/m. 
The CPW lines for the rectification device were compared with well-known 
transmission lines to confirm the validity of the simulation of transmission lines 
with small W. The reference line has W= 20 µm and G= 15 µm. This reference 
line is going to be labelled as "B3" while the line with the small geometry (W= 4 
µm and G=3 gm) will be labelled as "plain". The current density of the lines is 
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shown in Fig. 3.7. The current in the plain line tends to flow in a small area close 
to the gap. This, and the fact that the central conductor in only 4µm width, 
increases conductor losses in comparison with the B3 line where the current is 
more evenly distributed in the signal and ground electrodes. 
Fig. 3.7. Current density on the plain line (a) and the B3 line (b). The 
current density is indicated by colours where the red means high 
density and the blue low density. 
The losses and microwave refractive index obtained from the simulations are 
plotted in section 3.2.4.2 together with the measured experimental data. 
3.2.4.2 Electrical characterisation. 
Following the simulations, the ORES devices (see chapter 5) were fabricated 
using the techniques described in chapter 4. The electrical characterisation of the 
CPW lines was experimentally studied using a probe station and a HP8510 
network analyser. The s-parameters of the lines were measured from 10 GHz to 
60 GHz. These parameters were then used to calculate the ABCD matrix from 
where the characteristic impedance, and microwave refractive index were 
calculated. The calibration used for the characterisation of the lines was made 
using an impedance standard substrate (ISS) with a Line-Reflect-Reflect-Match 
(LRRM) calibration. On a LRRM only the thru line delay and d. c. resistance of 
one load standard must be specified. The use of an ISS fixed the calibration 
reference plane at the probe tips. A full explanation and more information on 
LRRM can be found in [16]. To connect the lines with the external world, they 
were tapered out to a 50 0 set of pads compatible with the pitch of the 
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microwave probe as specified in Fig. 3.8. The small triangular marks are use as a 
reference to always skate the probes the same distance whether from the edge to 
one of the marks or between two marks. Fig. 3.9 shows the comparative plot for 
losses between the simulations using Eq. 3.13 and the measured values. As we 
can see, there are some discrepancies on the absolute attenuation between the 
calculations with analytic formulas and measured values. The qualitative 
behaviour of the attenuation is well represented by the model. As we mentioned 
before, conductor loss, which is the dominant factor at these frequencies, is much 
higher in a plain line that in a B3 line. 
Fig. 3.8. Calibration pads used to measure the CPW lines, all distances 
are in micrometers. 
Fig. 3.10 shows the value of the microwave refractive index for a plain line and a 
B3 line. The experimental measurement is compare with the simulation with 
MWoffice presenting a good fit over the whole frequency range. This indicates 
that the model shows consistency, independent of the size of the CPW line. As 
we can see in Fig 3.10, the microwave refractive index changes with frequency 
as e changes (see equation 3.6), and if we have to set a reference frequency for 
our design that frequency will be 40 G14z which is the market standard at the 
present time. For a plain line, at 40 GHz, the measured n, . = 2.92, which is still 
far from nop, = 3.33. If these electrodes are used in an ORE device, it is clear that 
the structure will be non velocity-matched. In order to obtain a velocity-matched 
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ORE device, we need to make nn, , equal with n,, p,. This can be done with slow- 
wave electrodes, which are explained in the next section. 
4 













Fig. 3.9. Measured values (solid lines) for losses in plain and B3 lines. 
Dashed lines are losses calculated from Eq. 3.13. 
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Fig 3.10. Calculated (dotted line) and experimental data (solid line) of a 
plain and a B3 line. 
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At this point, the influence of the thickness of the electrodes was explored and 
the results are shown in Fig. 3.11. The results were as expected according to the 
literature (see for instance [17/, for one of the first reports), the thicker the 
electrode the less lossy it is. See chapter 4 to see the details on the different 
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Fig. 3.11. Influence of the electrode thickness on plain lines. 
3.3 Slow-wave electrodes. 
Slow-wave electrodes have been used widely in electro-optic modulator design 
[4], [5], [18]. Here the addition of periodic loads in the electrodes (ground 
normally) reduces the speed of the microwave electrical signal, vph, therefore 
increasing nmw. In our case, the periodic load is in the form of narrow fins and 
pads added to the ground electrodes. Because all the electric parameters of the 
CPW line depend on the geometry, nn, w, Zo and a have to be recalculated. The 
importance of slow-wave electrodes is that they allow us to match the microwave 
refractive index with the optical refractive index. This implies that the optical 
and the generated optical pulse will travel at the same velocity through the 
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3.3.1 Electrodes for a velocity-matched ORE device. 
The geometries of slow-wave electrodes studied in this thesis are shown in Fig. 
3.12. Fig. 3.12(a) shows the line labelled as "fin", Fig. 3.12(b) shows the 
' finpad" geometry. G and W, are fixed from the design described in section 




Fig. 3.12. Slow-wave electrodes geometry. (a) fier and (b)finpad 
configuration. All dimensions in micrometers. 
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3.3.1.1 Simulation. 
A number of slow-wave electrodes were simulated using MWoffice with the 
same parameters used in section 3.2.4.1. p and d were varied to obtain a broad 
tunability range. The current distribution for a fin line is shown in Fig. 3.13. 
Fig. 3.13. Current density on a fin line. The current is concentrated in 
the edge of the fingers. 
Here we can see that the current is concentrated in the borders of the fingers, 
which means that the effective current path is longer that in the case of a plain 
line. The current follows the shape of the ground electrode and therefore a 
slightly increase in a is expected. This also increases Zo. The refractive index is 
calculated from the simulations and the results are shown in Fig. 3.14 and table 
3.1. 
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Fig. 3.14. Microwave refractive index as a function of frequency for 
different fin andfinpad lines. The device code is explained in table 3.1. 
Table 3.1. Dimensions and n, w for the slow-wave electrodes used in simulation. 
Device No. Line type pm dm nmw @ 40 GHz 
028 4 3.51 
032 8 16 3.45 
036 16 3.40 
064 4 3.59 
068 fin 8 25 3.53 
072 16 3.53 
076 4 3.62 
080 8 30 3.56 
084 16 3.57 
112 10 3.45 
116 15 18 3.56 
120 finpad 20 3.46 
160 10 3.57 
164 15 30 3.72 
168 20 3.58 
W= 4 µm, G=3 µm and L= 100 µm. 
For a fin line, when d is 16 µm, the refractive index is inversely proportional to 
the period length p. For longer d, and for periods larger than 8 µm, there is 
almost no variation in the refractive index. For the finpad lines, for a given d, 
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periods of 10 µm and 20 pm present the same refractive index whilst a period of 
15 µm presents a considerably larger nm, V. 
3.3.1.2 Electrical characterisation. 
Due to the limited amount of material available for fabrication, only a selected 
number of devices were fabricated based on table 3.1. Short test fin and finpad 
structures were fabricated and compared. The attenuation characteristics for both 
types of lines are comparable and therefore a quantitative advantage to use one 
structure over the other could not be found. Even when some ORE4 devices with 
finpad structures were fabricated, the electrical characterisation and the results 
shown in chapter 5 devices were only done for fin devices. The electrical 
characterisation for the slow-wave electrodes was done using Short-Open-Load- 
Thru (SOLT) calibration to the probe tips using an ISS. The total length of the 
lines in ORE4 devices is 1 cm, and although so far the calculation of n,,., has 
been done using the ABDC parameters, a more experimental approach was taken 
for the ORE4 devices. The reason for this is because, a long slow-wave electrode 
presents a number of resonance peaks in the return loss produced by the 
capacitive load and the impedance mismatch between the measurement system 
and the CPW line. The effective microwave index is calculated using [19]: 
c1 (3.24) n"`" 2L Of 
Where df is the average peak-to-peak frequency. The method is illustrated in Fig. 
3.15. Here we are using a device with the following characteristics: fin type, p= 
8 µm, d= 19 µm and L=3.3 mm. To calculate the average peak-to-peak 
distance, 4f, the reading of the first and last peaks is taken. The difference is 
divided by the number of peaks minus one. This will provide an average nm,, for 
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Fig. 3.15. Measured relative return loss as a function of frequency for a 
slow wave electrode. The markers indicate the frequency at two 
different resonance peaks. 
In the same way, all the different slow-wave electrodes were characterized and 
the results can be summarised in table 3.2. 
Table 3.2. Measured values of nm,,, for different slow-wave electrodes. 
Device No. Line type m d (Ar n) n, ý, y Predicted n, N, 
000 plain -- -- 2.63 2.92 
020 8 13 2.97 
028 4 16 3.20 3.51 
036 16 16 3.50 3.40 
044 fin 8 19 3.10 
056 8 22 3.29 
068 8 25 3.30 3.53 
080 8 30 3.40 3.56 
W= 4µm, (1= 3µm and L= I cm. 
The measured values of refractive index are lower that the ones modelled with 
MWoffice except for device 036. This is desirable since n» = 3.3. The 
difference between the model and the experiment is less than 10 %. It is not 
certain if this difference come from the model, from the experimental set-up or 
from both. A number of things can account for the difference: 1) we are 
measuring average effective indexes; 2) simulations were made with a metal 
thickness of I µm compare with 450 nm in the ORE4 devices; 3) even when 
MWoffice presents good agreement with measured values for plain lines, this 
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does not guarantee that the solution for a loaded ground will be correct (it is only 
2D) and 4) potential calibration errors. It is beyond the scope of this thesis to find 
the exact source of disagreement between the model and the measurements. The 
model however is very valuable to obtain a qualitative behaviour of the lines so a 
number of experimental structures can be fabricated around the optimum point as 
we did in this work. 
Finally, it is important to mention that test structures were also fabricated to 
compare CPW limes with and without the SiO2 buffer layer. The difference in 
attenuation between the two structures is minimal (Fig. 3.16) and can be ignored 
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Fig. 3.16. Influence of the Si02 buffer layer in the ORE devices. 
In the same way, the attenuation for a plain line was compared with its 
equivalent fin and finpad slow-wave electrodes. The results are shown in Fig. 
3.17. At low frequencies, the plain line presents low attenuation but it is 
considerably increased as the frequency is increased until eventually matches the 
other two structures. This came as a surprise and the reason for this behaviour is 
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Fig. 3.17. Attenuation characteristic for the three different structures 
under investigation. 
The test structures used in figures 3.16 and 3.17 do not have a ridge. The ridge 
will have an effect on the line characteristics as mentioned in section 2.5.1 (Fig. 
2.12) 
3.4 Conclusions. 
This chapter justifies the use of a CPW line as the preferred transmission line for 
the ORE devices. The explanation of the loss mechanisms helps to understand 
the importance of a velocity-matched device. This chapter took us through all the 
work behind the design of the electrical electrodes. Simple structures were 
modelled first and then slow-wave electrodes were tried. The important point that 
needs to be raised here is that a starting point for fabrication was necessary even 
when we knew about the potential differences between the model led and the 
experimental results. Modelling was used as starting point so we could fabricate 
devices with different dimensions around a potential optimum structure. The 
final test will be to see if there is any difference when collecting the electrical 
signal from an ORE device. 
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4. ORE devices: Fabrication 
4.1 Introduction. 
Fabrication of III-V devices, passives and actives, was a fundamental part of the 
research presented on this thesis. Different fabrication methods were used to 
create the rectification devices described in this work. The fabrication of passive 
optical waveguides is very simple and only involves one lithography step. The 
rectification device as a whole can be created with two lithography steps but, as 
we will demonstrate, the accuracy of the equipment available forced us to 
develop a three-lithography steps process. The general description of the 
fabrication can be presented as follows. The ORE devices were fabricated using 
photolithography and e-beam lithography techniques. The 5 µm width optical 
ridge was etched down using a SiCl4 process on an RIE-80 machine. The 
electrodes were evaporated and latter defined using either lift-off, or metal 
etching. 
A process flow will be used to describe the fabrication process of the ORE 
devices. It is understood that the fabrication steps and the fabrication flow itself 
is related to our specific GaAs/AIGaAs system. The chemicals using for 
cleaning, etching, etc, can be different to those used on different material 
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systems. General literature discussing fabrication processes for Ill-V 
semiconductors can be seen in [1], [2] and [3]. 
The ORE devices studied in this thesis will have either of the three electrode 
configurations shown in Fig. 4.1. The pads used to probe the device are shown in 
Fig. 3.8 in chapter 3. A real 1 mm long ORES device (see caption in Fig. 4.1) is 
shown in Fig. 4.2. 
1 
Fig 4.1. Electrodes for ORE devices. (a) ORE2 and ORE3, (b) and (c) 
ORE4 
Fig 4.2. SEM photo of a1 mm long ORE device with the set of 
electrodes shown in Fig 4.1 a. The central electrode is on top of the 
ridge. 
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4.2 Mask Design. 
The mask used on the fabrication of ORE devices was made using WavemakerTM 
(WAM). WAM is software that generates GDSII files (binary file type for 
pattern data), which can be processed to be compatible with the beam writer. 
WAM uses the concept of cells, which are the basic unit of all designs. 
Hierarchical design allows you have cells within the cells, which leads to designs 
of high complexity that are easy to modify. A screenshot of the software can be 
seen in Fig. 4.3. 
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Fig. 4.3. WAM screenshot showing some ORE devices. 
There are different layers available on WAM. All the different layers of the 
fabrication process can be drawn, and specified relative to each other. The 
pattern contained on the same layer will be written at the same time. The number 
of layers in a design determines the number of photolithography steps. Once the 
design is completed, we make use of the computer aided transcription system 
(CATS) to generate a file understandable by the beam writer. Once in this 
format, parameters such as job type, spot size, dose and resolution can be set. At 
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this point, the pattern is ready to be written on a mask plate or directly to the 
semiconductor sample. 
4.3 Fabrication process. 
An ORE device can be fabricated with very few steps. If we consider that only 
two photolithography steps are necessary to create the optical waveguide and the 
metal electrodes then the fabrication steps can be kept to a minimum. Two 
different methods of fabrication are included on this section - fabrication using 
photolithography and fabrication using e-beam lithography. Both methods 
present advantages and disadvantages over the other and they will be explained 
in this chapter. 
4.3.1 Photolithography. 
The pattern transfer process consists of using a patterned mask, and imaging it on 
to the surface of a wafer, which has been pre-coated with resist. Photolithography 
is the most common method of transferring a pattern to a semiconductor. It is 
reliable and there is a lot of historical research behind this process. The pattern of 
the metal electrodes of an ORE device can be done in two different ways; 1) by 
opening windows on the resist, deposit the metal and then lift-off the resist or 2) 
by depositing the metal, spin and pattern resist and metal etch for definition. The 
former is known as lift-off and the latter as metal etching. Both processes present 
advantages and disadvantages but for the rectification devices, metal etch worked 
better. The steps to follow for the fabrication of ORE devices are described 
below including lift-off and metal etching. The alignment to previous patterns on 
the sample are made with the help of alignment marks. 
Cleaning. The removal of any organic residual and dirt from the semiconductor 
surface is a vital part of the fabrication process. If a sample is not cleaned 
properly, problems with the addition and uniformity of any film in contact with 
the semiconductor will occur. Among other contaminants that can be found on 
the semiconductor surface are, 1) Dust particles, 2) Grease and wax from 
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handling and 3) semiconductor particles from cleaving. Rinsing the sample 
accompanied by the use of an ultrasonic bath is a common way of cleaning GaAs 
samples. The cleaning process involves the successive use of OptiClearTM, 
acetone and methanol each for 5 min in ultrasonic agitation. The sample is then 
rinse thoroughly in RO water and blown dry using a N2 gun. The sample is 
placed in a hot plate at -90 °C for 10 to 15 min to allow any residual moisture to 
evaporate. OptiClearTM is a non-toxic, biodegradable solvent used to remove 
wax, pitch and solvent soluble resists from optical and electronic components of 
glass, ceramic or metal. Acetone and methanol remove remains of resist and 
molecular contamination. The sample has to be processed immediately after the 
cleaning process to avoid new contamination. 
Fig 4.4. Sample at cleaning step. The different layers on the sample are 
labelled. 
Spinning Resist. To transfer the pattern to a semiconductor, the use of a 
photosensitive polymer is needed. This polymer is commonly known as 
photoresist or simply resist. The resist is design to have maximum absorption at 
330 nm to 430 nm (UV range). The resist that is protected from the light during 
the exposure step, hardens and cannot be dissolved and washed by the designed 
developer. Resists of this type are known as positive resists because the image 
formed in them is the same as the image on the mask. The resist used here is 
S1818 which is a positive resist sensitive to light at 364 nm. The most important 
requirements that a resist must satisfy are, 1) capability of resolving minimum 
feature size, 2) high sensitivity at the specified lamp radiation, 3) good adhesion 
to the semiconductor and 4) etch resistant. S1818 meets all the above 
requirements. It gives a uniform thin film, 1.8 µm thick, when spun at 4000 rpm 
for 30 sec. Good adhesion can be achieved when the relative humidity inside the 
cleanroom is less than 40 %. 
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Fig 4.5. Spinning resist. 
Softbake. After the resist has been spun, it has to solidify (harden) by extracting 
all the solvents from the resist. This is achieved with a post-bake at 90 °C for 30 
min in a fan assisted convection oven. The sample is now ready for exposure. 
Exposure. Contact printing is the technique used to image the pattern into the 
resist. Contact printing gives straight walls on the resist after developing and 
allows small features to be defined. The lamp used on the mask aligner is a 200 
W Hg short arc lamp delivering an intensity of 5.1 µW/cm2. Before exposure of 
the pattern, the mask has to be cleaned with acetone for 10 min using an 
ultrasonic bath. This will remove any dust particles as well as any residual 
photoresist remaining from previous exposures. The mask and sample are 
positioned in the mask aligner and held to their respective positions by vacuum. 
The sample is brought in close proximity to the mask and then aligned to it by 
moving the sample chuck holder. The chuck holder can be move in x, y and.: 
directions and can be rotated. When the sample is finally aligned to the mask, 
they are brought to physical contact with each other. The sample is then exposed 
to UV light for 11 sec. 
uv 
Fig. 4.6. UV exposure. The mask with the black pattern can be seen 
making contact with the resist layer. 
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Development. After exposure, the sample is developed using microposit 
developer. The developer is mixed with RO water in 1: 1 ratio. The sample is left 
in the mixture to develop for 75 sec and then rinse in RO water. S1818 is a 
positive resist and therefore, only the resist that has not been exposed to the UV 
light remains. The resist will be used as a dry etching mask. 
Fig. 4.7. Development. Only the resist that has not been exposed 
remains. 
Postbake. A postbake is given to the sample mainly to toughen the resist so it 
can better withstand the harsh environment of the reactive ion etching (RIE) 
process. The postbake is made in a hotplate set at 120 °C for 5 to 10 min. 
Etching. Etching of the GaAs cap and AlGaAs top cladding is done by RIE. 
Chemicals used in RIE must be volatile. Normally free radicals in the chamber 
are the major reactant species that participate in the chemical process. The 
semiconductor surface reacts with these reactants and the product of these 
reactions can be pumped away by the system. RIE is done using an Oxford 
Plasma Technology RIE-80 machine. The process uses SiCl4 as a reactive gas. 
SiC14 reacts with the GaAs/AlGaAs surface to form A1C13, GaCI3 and AsCl3, 
which are rapidly desorbed and pumped away. SiCl4 also helps with the removal 
of native oxides forming during etching. The process recipe can be seen in table 
4.1. 
Table 4.1. RIE process recipe. 
Parameter Value Unit 
RF Power 100 W 
Bias Voltage 260 V 
Flow Rate 9 sccm 
Pressure 9 mTorr 
Temperature 40 °C 
77 
Etched profiles can be highly vertical and smooth when the chamber is clean. 
Etching rates are typically around 200 nm/min though the AIGaAs etch rate is 
slightly (5 to 10 %) slower, especially at high Al concentrations. Etch rate 
depends on sample size. Bigger samples etch slower. 
Fig 4.8. Etching. 
Strip resist. After etching, the resist has to be removed using acetone. 
Sometimes, this resist can be difficult to remove and a hot bath at 60 °C has to be 
used. The sample is then rinsed in methanol and blown dry. 
Fig 4.9. Strip resist. 
Silica (Si02) deposition. Plasma-enhanced chemical vapour deposition 
(PECVD) silica is deposited on the surface of the semiconductor. This silica 
layer will act as a buffer layer to reduce optical losses as explained in section 
2.5.2. It will also serve as an isolation layer to avoid any current flowing into the 
semiconductor and this is the reason to use PECVD instead of sputtered Si02. 
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Fig. 4.10. Si02 deposition. 
At this stage, the optical structure of the device is completed, however, further 
processing is required to create the electrical structure. As mentioned before, two 
different ways of defining the metal electrodes on the sample were explored. The 
two methods use all the common steps mentioned above but they take different 
flows from this point onwards. Because almost all the steps used are the same as 
the ones described so far, they will not be explained again unless key differences 
have to be underlined. The process of the metal structure is explained in the next 
two subsections. 
4.3.1.1 Lift-off. 
Taking the sample from the last common step (Si02 deposition), the fabrication 
steps for metal pattern are: 
Spinning resist. At this point, the structure is not planar anymore, it is a ridge 
structure which needs to be patterned again. The photoresist is design to give 
better results in planar surfaces. Depending in the height of the ridge, the resist 
layer may not be completely uniform. This is not a big problem because the 
height of the ridge is only 0.8 µm while the resist is 1.8 µm thick. As is clearly 
visible, the resist is going to be thinner on top of the ridge than it is in the rest of 
the structure. This will have an impact when exposing the sample. 
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Fig. 4.11. Spinning resist. The thickness of the resist will be different at 
the top of the ridge compared to the bottom of the trench. 
Softbake. -90 °C for 30 min. 
Exposure. Same process recipe as above. The resist on top of the ridge will 
experience a different exposure compared to the resist at the bottom of the 
trench. The developer will therefore work at different rates generating a slight 
deviation on the dimensions of the original pattern. This problem was shown not 
to be a significant factor with the devices here, but further investigation has to be 
done if a new process to compensate for the difference in heights needs to be 
developed. The sample was exposed for 11 seconds. 
Fig. 4.12. Exposure. The windows for the contacts are now open. 
Development. 1: 1 mixture, 75 sec. 
Metal deposition. The selection of the metal for which the electrodes will be 
fabricated is gold. The contacts do not need to be ohmic by any means because 
they are not going to be used to inject current to the device. In principle, any 
metal will perform well, but thinking on the potential integration of ORE devices 
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with active components, a standard p-contact was chosen as the metalisation 
layer. The multi-layer contact is composed of three different metal layers 
Ti/Pd/Au, 30/13/250 nm. On a p-contact, the Ti layer helps to improve the 
adhesion of the metal to the semiconductor surface. Pd stops gold diffusing into 
the semiconductor during the annealing process and Au conforms the metal layer 
where all the connections to the external word will be made. The thickness of the 
gold can be change according to the requirements. 
Fig. 4.13. Metal deposition. 
Lift-off. Lift-off refers to the process of removing the patterned resist using a 
solvent leaving a delineated metal pattern behind. In order to be successful, a 
thick resist has to be used in conjunction with a thin metal layer. To assist the 
lift-off, the sample before being exposed can be surface-toughened by immersion 
it in chlorobenzene for 15 min [4]. This will make the surface less affected by the 
developer and therefore, an edge is created avoiding any metal deposited on the 
walls of the resist. In this particular case, the success of the lift-off was a 
function, among other factors, of the gap between electrodes. According to the 
design of the device, the gap between electrodes is 3 µm which is normally 
within the resolution of the lift-off but a series of factors combined to make lift- 
off unsuccessful for an ORE device. These factors are: 
" close proximity between electrodes, 
" close proximity of the ground electrodes to the ridge and 
" no planar surface where lift-off is required. 
Lift-off had to be done with the assistance of mechanical rubbing of the sample. 
Even when the resist was removed from the sample, the problem of scratched 
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metal surfaces and floppy edges remained. One way around this problem was 
using a metal etch instead of lift-off. This technique will be explained in section 
4.3.1.2. 
Fig. 4.14. Lift-off. The ORE device is now finished. 
4.3.1.2 Metal etching. 
A fair amount of research was made on the characterisation of the metal etching 
mainly due to the high degree of anisotropic etching that can be achieved. Metal 
etching was done using the ion-milling technique. If we carry-on the process 
from the last common step described in section 4.3.1 (silica deposition) then the 
steps involving metal etching as the technique for pattern definition are: 
Metal deposition. The p-contact is deposited covering the entire surface. 
Fig. 4.15. Metal deposition. The metal covers the entire surface. 
Spinning resist. As for lift-off. S1818,4000 rpm, 30 sec. 
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Fig. 4.16. Spinning resist. 
Softbake. - 90 °C for 30 min. 
Exposure. The exposure has to be done with the negative mask of the one used 
for lift-off. 11 sec. 
Development. 1: 1 mixture, 75 sec. 
Fig. 4.17. Developing. At this stage the windows for metal etch are 
open. 
Metal Etching. Although this technique is very old and is a completely mature 
technology, the etch rates for different metals had to be calculated for our 
specific machine. Ion-milling depends upon momentum transfer for the removal 
of the material from the substrate. Any material can be milled by this technique, 
because of the essentially charge-neutral character of the beam. The etch rate 
depends in the bias of the plasma, the gas used to create the plasma, the distance 
from the sample to the atom gun and the incident angle. Metal etching was made 
in several steps as opposite to one continuous run due to the considerable amount 
of heat in the chamber. The heat is produce by the atom gun and there is no 
cooling system attached to the mount of the sample. Between steps, the chamber 
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is cooled with a 10 min run of Argon and then the chamber is left to recover the 
vacuum. This normally takes about 20 min. The structures to be etched are 
shown in table 4.2. 
Fig. 4.18. Metal etching. 
Table 4.2. p- and n-contact layer structure. 
-contact n-contact 
Layer No. Metal Thickness (nm) Metal Thickness (nm) 
I Ti 13 Au -10 
2 Pd 30 Ge -10 
3 Au 250 Pd 30 
4 Au 150 
To test the samples and conclude that the etching was successful, the resistance 
was measured between electrodes of the structure. An ohmic, or schotky contact 
indicates that there is an electric path between the electrodes and therefore the 
etch has not been completed. A signal comparable with the noise level indicates 
that the etching has been completed and the electrodes are isolated. Two 
optimum runs for p-contact etching are shown in table 4.3 and 4.4 while the 
optimum run for n-contact etching is shown in table 4.5. Before any run was 
started, the chamber was pumped down to 1x10-6 mbar of pressure. 
Tahh- d_3_ n-contact dry etchino rt cine nne 








1 8 The gas flow was continuously adjusted to reach 2.0 
2 8 kV. The first 60 sec in every step were used to set this 
3 8 value. 
4 8 
5 8 2.0 For the mixture, the indicator on the Xe valve was set 
6 8 at 127 whilst the SF6 valve was set at 106 
7 8 
8 8 The pressure for the etching using the mixture was 
4 4 9 8 5x10 mbar, and for Xe alone 6-8 x10 mbar. 
i otai i X) 1 16 
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Table 4.4. p-contact dry etching recipe two. 






1 10 Same setting as in recipe one but different step time. 
2 10 
3 10 
4 10 2.0 
5 10 
6 10 
7 11 1.7 
Total 1 60 1 11 
Table 4.5. n-contact dry etching recipe. 






1 10 For the mixture, the indicator on the Xe valve was set 
2 10 at 127-128 whilst the SF6 valve was set at 108. For 
3 10 2.0 Xe alone was 129-130. 
4 10 
5 10 The pressure for the etching using the mixture was 
6 10 1.8 5x10' mbar, and for Xe alone 6-8 x104 mbar. 
7 5 2.0 
Total 1 55 1 10 
Strip resist. After the metal etching is completed, the resist has to be striped 
from the sample. This is commonly done by leaving the sample in acetone for 1 
hour in a hot bath at a temperature of 55 T. Sometimes it was necessary to put 
the sample in ultrasonic bath for 2 to 3 sec to remove the resist completely. After 
this step, the sample looks the same as Fig. 4.14. 
Metal etching showed to be a much better solution over lift-off as the method of 
contact pattern definition. The main disadvantage of using metal etching is the 
time it takes to complete one run, However, the alignment proved to be not 
repeatable for ORE devices, which are longer than 3 mm long. Therefore, a 
completely different method of pattern transfer had to be explored. 
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4.3.2 Photolithography photos. 
In this section, we show photos of the devices obtained using photolithography. 
The combination of photolithography and lift-off only worked in very short 
devices (< Imm) and never in a repeatable manner. The common problems found 
using lift-off are illustrated in Fig. 4.19 and Fig. 4.20. These problems can be 
summarised as: 1) Gold not lifting-off in small gaps, 2) rough edges and 3) 






in gaps wall 
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Fig. 4.20. Common problems found using photolithography and lift- 
off. 
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The combination of photolithography and metal etching did work well in all the 
structures fabricated this way. By far our biggest problem was to align the 
ground electrode on top of the ridge in a repeatable way. This is only limited by 
the equipment available. The longest device fabricated was a3 mm long ORE3 
device. The main advantages of using metal etch are illustrated in Fig 4.21 and 
Fig 4.22 and can be summarised as: 1) well defined edges, 2) clean ridge walls 
and 3) well defined gaps. Again, even when good devices were obtained using 
this method of pattern transfer, alignment repeatability was a major issue. 
Fig. 4.21. Metal etching results. 
Fig. 4.22 Metal etching gap and pattern definition. 
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The fact that the final ORE devices are 1 cm long makes photolithography 
process difficult and unreliable for this type of device. E-Beam lithography was 
then explored to potentially solve lift-off and alignment repeatability problems. 
This method is described in next section. 
4.3.3 E-Beam lithography and lift-off. 
The idea of writing a pattern directly on the chip by e-beam lithography has 
always been attractive because the level of resolution that can be obtained. E- 
Beam lithography works under the same principles as photolithography; the use 
of a sensitive polymer which is exposed with certain dose and energy. The resist 
utilised for E-beam is polymethylmethacrylate, (PMMA) which is a positive 
resist. To have better results with lift-off, a bi-layer of resist is used. Every time 
the beam-writer writes a pattern, it does it through a job definition. This 
definition is contained in a file, which tells the beam-writer the pattern to be 
written, the dose, energy, spot size and if the pattern has to be aligned to a 
previous pattern among other parameters. An ORE device can be fabricated in 
three jobs but four is preferred. The number of jobs is equivalent to the number 
of photolithography steps as described above. 
In the same way as in section 4.3.1, the fabrication process will be explained 
gradually. The beam writer uses markers to align the current pattern with 
previous ones. The resolution achieved using markers is sub-µm, which is a large 
improvement from photolithography (2 µm in our current process). 
Cleaning. As before. Opticlear, Acetone and Methanol. 
Spin resist (18' layer). The resist used here is called PMMA. Electron irradiation 
results in chain scissions, with a fall in the average molecular weight of the 
polymer. PMMA has a low sensitivity (3x10"5 C/cm2 for a 20-keV beam). This 
first layer is composed of 15% Elviside which is spun at 5000 rpm for 60 sec. 
The layer is 1.3 µm thick and is very thick in comparison with the second layer. 
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Bake. The resist is then bake to remove all the solvents at a temperature of 180 
°C for a period of one hour. 
Spin resist (2"d layer). The second layer of resist is now spun. This is a 4% 
Elviside spun at 5000 rpm for 60 sec. The approximate thickness of this layer is 
100 nm. 
Bake. The resist is then bake to remove all the solvents at a temperature of 180 
°C for a period of two hours. 
Fig. 4.23. Spinning of a bi-layer resist. 
Pattern writing (markers). The sample is loaded into the machine for the first 
pattern writing. Because alignment of the electrodes and the optical ridge is 
required, there must be alignment marks to help to locate the features on the 
sample. There must be a minimum of three markers on the sample to compensate 
for rotation 8. A set of six square markers of dimensions of 10 µm are written in 
each corner if the sample. The dose used for this job is 350 C/cm2 while the spot 
size is 300 µm diameter. 
Fig. 4.24. Pattern writing. The markers are located at the four corners 
of the sample. 
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Developing. The sample is developed in a 1: 1, developer : RO water mixture for 
60 sec. The temperature of the developer is maintained at 23 °C during the 
developing. The bi-layer, react different to the developer and therefore a profile 
to enhance lift-off is created. 
Fig. 4.25. Developing. An undercut in the resist profile is created. 
Markers deposition. The markers are deposited to act as alignment marks to the 
beam writer. Positive markers have to be composed from a metal more reflective 
than the substrate itself. If this condition is not met, the beam writer will not see 
them and therefore, will not be able to do the alignment (i. e. Al markers on 
AlGaAs/GaAs layers are invisible to the machine). In this case, the markers are 
form by 50 nm of Ti (to improve adhesion) and 100 nm of Au. 
Strip resist. The resist is removed using Acetone. 
Spin resist (1" layer). 15% ELV, 5000 rpm, 60 sec. 
Bake. 180 °C for I hr. 
Spin resist (2nd layer). 4% ELV, 5000 rpm, 60 sec. 
Bake. 180 °C for 2 hrs. 
Pattern writing (waveguides). The waveguide pattern is written within the 
boundaries of the markers. 
Developing. 1: 1 mixture, 60 sec, 23 °C. 
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Dry etching. As before. RIE 80, SiCl4 process. 
Strip resist. The resist is removed using Acetone. 
Spin resist (1" layer). 15% ELV, 5000 rpm, 60 sec. 
Bake. 180 °C for 1 hr. 
Spin resist (2°d layer). 4% ELV, 5000 rpm, 60 sec. 
Bake. 180 °C for 2 hrs. 
Pattern writing (signal electrode). Because we are going to use lift-off to 
pattern the electrodes, they were made in two steps. This decision came from the 
difficulties found using lift-off with the photolithography process. First, the 
signal electrode on top of the ridge is written on its own. 
Developing. 1: 1 mixture, 60 sec, 23 °C. 
Fig. 4.26. Window opening for the central electrode. 
Signal electrode deposition. The signal electrode is deposited. For all the 
devices made using the beam writer, the p-contact structure was change. This 
time, 50 nm of NiCr were deposited followed of 400 nm of Au. The thickness of 
the Au was increased in order to reduce the electrical losses of the device. The 
reason why only the signal electrode was deposited at this point is to get rid of 
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lift-off of small gaps next to the ridge walls. This was a major problem during 
photolithography. 
Lift-off. As before. Acetone for 1 hour in a hot bath at a temperature of 55 T. 
Fig. 4.27. Signal electrode deposition. 
Spin resist (1" layer). 15% ELV, 5000 rpm, 60 sec. 
Bake. 180 °C for 1 hr. 
Spin resist (2"d layer). 4% ELV, 5000 rpm, 60 sec. 
Bake. 180 °C for 2 hrs. 
Pattern writing (ground electrodes). Windows for the ground electrodes are 
now open. If we see Fig. 4.28, we see that doing the deposition in two steps, we 
get rid of the thin resist stripes running along the wall of the ridge. 
Developing. 1: 1 mixture, 60 sec, 23 °C. 
Fig. 4.28. Window opening for ground electrodes. 
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Ground electrode deposition. As before. NiCr/Au, 50/400 nm. 
Lift-off. As before. Acetone for 1 hour in a hot bath at a temperature of 55 T. 
Fig. 4.29. ORE device completed. 
After this last step, the ORE device is completed and the structure obtain is the 
same one as the one shown in Fig. 4.14. ORES and ORE4 devices of up to 1 cm 
in length were fabricated using this method giving excellent results. The only 
disadvantage of this method is the increased complexity of the process 
(compared with photolithography) and the cost associated with running an E- 
beam writer. 
4.3.4. E-Beam lithography photos. 
In this section, we show photos of the devices obtained using E-Beam 
lithography and lift-off. ORES and ORE4 devices were successfully fabricated. 
ORE3 devices are shown in Fig. 4.30 and 4.31. Fig. 4.30 shows a whole ORES 
device. The electrodes are 660 µm long including the pads. Most of the ORE 
devices fabricated are 1 cm long and therefore the majority of the photos only 
show sections of the devices. By looking at Fig. 4.31, we can observe the 
accuracy of the alignment between the central conductor and the optical ridge. 
This kind of precision cannot be achieved using photolithography. The pattern 
definition is also good at this magnification. 
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Fig. 4.30. ORE3 device fabricated using e-bearn lithography. 
Fig. 4.31. The central electrode is perfectly aligned to the top of the 
optical ridge. 
ORE4 devices were also fabricated and some photos are shown below. Fig. 4.32a 
shows an ORE4 device with fin slow-wave electrodes while Fig. 4.32b shows an 
ORE4 device with frnpad slow-wave electrodes. Fig. 4.33 shows a high 
magnification photo of the central conductor respect to the optical waveguide. 
The accuracy of the alignment is proven with these photos. The two mayor 
advantages of e-beam lithography can be named as 1) high accuracy and 2) high 
repeatability. 
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Fig. 4.32. ORE structures. 
Central Electrode 
4 un 
Fig. 4.33. SEM photo showing the alignment of the central electrode on 
top of the optical ridge in a ORE4 device. 
4.4 Conclusions. 
Three different methods to fabricate ORE devices have been presented and 
discussed in this chapter; photolithography and lift-off, photolithography and 
metal etching and e-beam lithography and lift-off. E-Beam lithography was the 
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preferred method due to the high accuracy that can be achieved. We still believe 
that the three methods can be improved if better equipment is available (in the 
case of photolithography) and an optimised set of experiments is designed. The 
two main fabrication issues when making an ORE device are: 1) alignment of the 
central conductor on top of the ridge and 2) achievement of the exact electrode 
dimensions so the electrical characteristics of the CPW line will not be altered 
from the designed ones. ORE1 and ORE2 devices where fabricated using 
photolithography and lift-off, some ORE3 devices where fabricated using 
photolithography and metal etching and some using e-beam lithography and 
finally ORE4 devices were fabricated using e-beam lithography. 
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S. ORE devices: Experiments. 
5.1 Introduction. 
The complete design, fabrication and testing of an ORE device at communication 
wavelengths (1550 nm) has proven to be very challenging. Testing of an ORE 
device involves a combination of optical and, as we saw on chapter 3, electrical 
measurements. There will always be different methods of doing a specific 
measurement, each with their own advantages and disadvantages and optical 
rectification is not the exception. Finding the optimum test set-up for an ORE 
device involves a deep understanding of the material used to fabricate the device, 
the fabrication process itself and the characteristics of the signal produced by 
optical rectification. The set-up presented in this chapter might well not be, as 
will by explained at the end of the chapter, the optimum one but it is definitely 
the best one based in our current research and fabrication resources. The 
optimum set-up is also discussed through the chapter. There has been, 
historically, well-known ways of identifying an ORE signal, the most popular 
being the polarization dependence. The ORE signal is maximum for TE 
polarization and minimum for TM. This decrement of the signal follows a sin 2 
behaviour. 
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The aim of this chapter is to show the different experimental approaches taken 
when developing and testing an ORE device, and how these approaches helped 
to build the optimum rectification device. The ORE devices are grouped in four 
categories (generations) depending on the device design and/or the wafer 
composition used. There are four generations of ORE devices and each 
generation with its respective characterisation is explained here. There is a, so 
call, optimum experiment that should be done with the ORE devices but 
alternative options are also reviewed and empirically studied. The fact that the 
ORE is competing with linear absorption and multi-photon absorption (MPA) 
makes the device and, in general, the whole experiment a challenge. The ORE 
device can be designed to work at longer wavelengths [1] but if this device is 
ever going to find a practical application in modern communication systems, it 
must work at communication wavelengths where all the effects produced by free 
carriers are present. ' It is true that if we fabricate an ORE device on a different 
electro-optic material such as LiNbO3 or LiTaO3 [2] we can get rid of the signal 
produced by free carriers, but it would not be possible to integrate such device 
with current III-V technology. In order to make clear the difference between 
generations of ORE devices from the beginning of the chapter, a comparison 
between them is shown in table 5.1. Some fields may not be completely clear at 
present but they will be as the chapter progresses. 
Table 5.1. Comparative table between different generations of ORE devices. 
Generation Wafer composition Electrode configuration Velocity-matched 
O1tE1 B781 one p-contact & one n-contact No 
ORE2 B828 CPW wide central electrode No 
ORE3 A1445 CPW No 
ORE4 A1500 Slow-wave CPW Yes 
A range of wavelengths was used to test all the different generations of ORE 
devices in this chapter. It was mentioned in chapter 2 that an ORE device is, in 
principle, an electro-optic modulator working in reverse. The ORE4 devices were 
first tested as modulators and even when their response was not optimum (V, Twas 
too high), the measurements helped to understand and estimate the nonlinearity 
of the crystal. The ORE4 devices were also tested as a mode converter with equal 
success. 
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It is convenient to mention at this point that every single time we refer to an ORE 
device, we are referring to the particular devices presented on this thesis and 
therefore, the concepts must not be generalized to another devices unless 
indicated on the text. 
5.2 ORE signal and accompanying effects. 
Optical rectification is present in ORE devices independent of the wavelength of 
the laser beam. However, for certain wavelengths, it can be accompanied by 
other effects, some of which are of considerable magnitude. Special care has to 
be taken when working with semiconductor materials where the light is likely to 
be absorbed at the wavelength of interest. When only the rectification signal is 
present on the device, it can be easily identifiable. However, when this signal is 
accompanied by other effects, the identification of the signal becomes more 
complicated since these "parasitic" effects can mask the ORE signal. In this 
section we will discuss how to identify an ORE signal in an ORE device 
(semiconductor) and which are the other effects competing with it. 
5.2.1 Identification of the ORE signal. 
The basic conditions that will allow us to identify a signal produced by the ORE 
can be extracted from the early experiments on optical rectification [3]. These 
conditions (slightly modified to suit our devices) must be well known before 
trying to understand any signal generated in an ORE device. Therefore, it is 
necessary to establish that: 
" The signal has the same (or almost the same) time dependence as the laser 
pulse. 
" For a device such as the one shown in Fig. 2.3 in chapter 2, the polarity, but 
not the magnitude of the signal, changes when the crystal is rotated about the 
direction of propagation of the laser beam by 180° with respect to the 
capacitor plates 
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" The signal has a well-defined dependence on the polarisation of the laser 
pulse. It is maximum for TE and minimum for TM decreasing in a sin 2 
manner. 
" The temporal resolution of an ORE signal must be shorter than the temporal 
resolution of a signal produced by free carriers when the same optical 
excitation is used. This is true when the optical pulse is shorter than the 
recombination time of the free carriers on the material (normally :5 300 ps for 
an intrinsic material). 
The first three points are true for any rectification device whereas the last one is 
specific for our devices. If the points described above are fulfil when doing an 
ORE experiment, it can be concluded that the effect producing the electrical 
signal is optical rectification. Yet, not everything is so simple! 
5.2.2 Accompanying effects. 
A signal generated in an ORE device would be, ideally, generated 100% by the 
optical rectification effect. For this ideal case, all the points described above can 
be easily used to identify the signal. However, when launching light into an ORE 
device, a number of parasitic effects such as piezoelectricity, pyroelectricity, and 
absorption can occur [4]. In addition, if proper care is not taken during the design 
of the position of the metal electrodes, the laser beam may hit them causing an 
extra parasitic effect. The generated signal will then be a combination of 
different effects, and even when optical rectification is one of the components of 
such combination, the generated signal may not follow the points described in 
section 5.2.1. Here lies the difficulty and importance of minimizing any parasitic 
effect. Non-centrosymetric crystals are also piezoelectric crystals and, in the past, 
this effect had always been associated with optical rectification experiments. 
Piezoelectricity is a polarization generated by the stress induced by the optical 
wave on a non-centrosymetric material. As mentioned in [3], the piezoelectric 
voltage depends strongly on the absorption coefficient of the crystal at the 
operation wavelength and on its orientation. The piezoelectric voltage is high 
when the absorption coefficient is also high. However, the ORE devices are 
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fabricated to minimize absorption and therefore any possible signal due to 
piezoelectricity is reduced. Moreover, it requires shear stresses to generate a 
piezoelectric response in GaAs grown in the <100> direction [5], as is the case in 
our devices. The effect is largest along <111> where d(° (the piezoelectric 
modulus in GaAs relating the strain to the associated electric field) is only -2.7 
pm/V. The sign minus only represents the crystal expanding in the <111> axes. 
When compare d, °, "° against the nonlinear coefficient d14 for the same 
material, we can easily see that the piezoelectric constant, and therefore the 
polarization produced by piezoelectricity is going to be much smaller that the 
nonlinear polarization. This and the fact that the light is incident along the <110> 
direction shows that the piezoelectric effect is practically eliminated from the 
ORE devices. 
A polarization induced by heating up a crystal is known as pyroelectricity. For 
high optical intensities, an ORE device could in principle heat-up, but the use of 
ultrashort optical pulses (300 fs typically) eliminates this factor. Even in the case 
where the sample would heat-up, the pyroelectric polarization, like the 
piezoelectric polarization, would be "slow" compare with the ORE polarization 
and therefore, they can be discriminated by its temporal resolution. In all the 
experiments described in this chapter, we could not find any obvious sign of 
pyroelectricity. 
Band-to-band absorption is the biggest of the effects that could accompany 
optical rectification in a semiconductor. By band-to-band absorption, we 
understand the excitation of an electron from the valence band E, to the 
conduction band EE, see Fig. 5.1(a). The energy absorbed from the photon is, by 
z (EE - E, ) and therefore the absorption depends on the wavelength of the 
photon. In fact, most of the signal produced by an ORE device when using 
wavelengths shorter than 800 nm will be due to band-to-band absorption as 
presented in section 5.4.1. Even when the ORE signal can be mathematically 
extracted when band-to-band absorption is present [6], it does not offer any 
practical application. The operating wavelength of the ORE devices, 1550 nm, is 
far beyond the cut-off wavelength for band-to-band absorption to be of any 
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significance, and therefore, this signal is automatically eliminated at the 
operation wavelength. MPA and, in particular, two-photon absorption (TPA) will 
then become the biggest parasitic effect that can be present. TPA refers to the 
simultaneous absorption of two photons by one free electron, which gains 
enough energy to jump the forbidden gap, see Fig. 5.1(b). The total energy 
absorbed from the two photons is conserved and distributed between the gap's 
jump and the conduction band. TPA is a nonlinear effect and therefore, is present 
(within a certain A range) in any nonlinear material such as GaAs. The geometry 
of the ORE device plays an important role in determining the amount of the 
signal that can be detected as is explained in section 5.4.3. Band-to-band 
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Fig. 5.1. Band-to-band absorption (a) and TPA (b). In both cases, an 
electron has jumped from the valence band to the conduction band 
assisted by the incident photons. 
5.3 Measurement set-up. 
As we have described in chapter 2 and chapter 3, the ORE device consists of two 
different integrated devices, one optical and one electrical. The first thing to 
consider is the coupling of light into the optical waveguide. Free space (end-fire) 
coupling offers flexibility in terms of maximum input power handling and the 
restriction in the number of optics that can be positioned in the beam path to 
manipulate the beam is unlimited. It also allows the implementation of a lock-in 
detection with the aid of an optical chopper, which can be used to detect small 
electrical signals. The experimental test set-up is sketched in Fig. 5.3. The optical 
source is a solid-state laser and varies according to the experiment covering 
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discrete points in wavelength from 800 nm to 2100 nm. The specific laser will be 
described in the coming sections. The electrical field of the optical beam 
delivered by the laser oscillates parallel to the optical bench and therefore we can 
say that is compatible with the TE-like mode of the optical waveguide. A half- 
wave plate is used to rotate the polarization of the light from TE to TM allowing 
a scan in polarization. A rotation of 45° on the half waveplate will produce 90° 
rotation on the linearly polarized light. To verify the polarization rotation, a 
polarizer is used. The polarizer is optional and can be omitted if the polarization 
of the light is known perfectly and the waveplate is calibrated. The light is 
coupled in and out the optical waveguide using x40 microscope objectives. To 
help with the alignment, a CCD camera is placed at the output of the coupling 
rig. The microscope objectives are mounted in 3-axis mounting stages whilst the 
ORE device is mounted in a 4-axis stage (two linear and two angular). 
All the above explanation deals with the optical waveguide, let us know consider 
the set-up to extract the electrical signal from the transmission line. Because of 
the nature of the optical rectification signal (ultrashort electrical pulses travelling 
in the transmission line), there is more than one option on how to record it as will 
be explained later in this section. However, in how to extract the signal from the 
device, our options are limited to probe the device. The probe can be a DC probe 
or a microwave probe (MW probe) with broad operation frequency depending on 
the experiment. To probe the device can be relatively simple but if it is done 
repetitively, it will cause damage to the electrodes (see Fig. 5.2). For high 
frequency probing, the probe has to become and extension of the transmission 
line and the accuracy of the measurement depends on how well the device is 
probed. The bandwidth of the detected signal will be limited by the probe, 
connectors and cables used. There are alternative methods to probing in order to 
characterize the electrical signal. They are photoconductivity and electro-optic 
sampling. 
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Fig. 5.2. The electrodes of an ORE device wear out after repetitive 
probing. 
Photoconductivity is an elegant option to extract the signal from the ORE device, 
and can be achieved by integrating a photoconductive switch [7] on a CPW line. 
To integrate a photoconductive switch presents certain fundamental limitations 
related to the geometry of the device. A detailed explanation of these limitations 
and of the switch itself is given in chapter 7. Several other characterisation 
techniques are described in [8]. Electro-optic sampling is by far the most 
commonly used. In an ORE device, an electro-optic crystal can be placed in the 
backside of the sample and if the electrical field can penetrate into the crystal, an 
optical pulse can then probe the device and measure the reflected signal which 
will vary with the electrical field of the electrical signal. The most suitable 
method considering the research capabilities within the department is to direct 
probe the device to extract the optical rectification signal (Fig. 5.3). To do DC 
measurements, a DC probe is used in conjunction with an EG&G 5209 lock-in 
amplifier. The lock-in amplifier is phase-lock to a reference signal given by the 
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optical chopper. The generated electrical signal will be at this same frequency 
and therefore it can be detected by the lock-in amplifier. The connections to the 
lock-in amplifier are represented with black lines in Fig. 5.3. To observe the 
signal in the time-domain, a microwave probe and a Tektronics CSA830 
communication signal analyser are used. A G-S-G 40 GHz MW probe 
manufactured by picoprobe was used to pick-up the signal from the device. The 
signal travels to the CSA using coaxial cables with a bandwidth up to 50 GHz. 
The CSA is triggered with and electrical signal at the same repetition frequency 
than the laser by means of a fast photodetector. The connections to the CSA are 
represented with blue lines in Fig. 5.3. Finally, an HP8530 microwave spectrum 
analyser (not shown in Fig. 5.3) is used together with the MW probe to observe 
the signal in frequency domain. The limitations of each measurement equipment 
are described with detail in the following sections. 
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Fig. 5.3. Experimental set-up. The instrument used to record the signal 
is either a Lock-in Amplifier (black wires) or a fast sampling 
oscilloscope (blue wires). 
5.4 Experimental results. 
As was mentioned above, there are four generation of rectification devices. The 
experimental observation of the first device design, ORE I, was used as feedback 
for the design of an improved device ORE2. The same applies for devices ORE3 
and ORE4. The results obtained by measuring the rectification devices are 
presented in "chronological" order, from the first fabricated device helping to 
understand and analyse the effect of free carriers (OREI) to the final optimum 
device (ORE4), where an optical rectification signal was recorded. The reasons 
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why the first generations of devices are not optimum, or viable for rectification 
may be obvious after having studied previous chapters of these thesis, but keep in 
mind that the complete design in chapter two and three could not be reached 
without the understanding of early generation of devices. Early generations of 
ORE devices have potential for optical rectification but it is the extraction of the 
signal which presents the biggest challenge and therefore the device had to 
evolve to enhance the rectification signal and reduce all the other accompanying 
effects as described in section 5.2.2. The importance of these early generations is 
such that a comprehensive description of the experiments as well as the 
explanation of the particular signals detected on every ORE device is given 
below. 
5.4.1 ORE 1 devices. 
A p-i-n structure is the preferred structure to fabricate photodetectors. These 
photodetectors use band-to-band absorption to generate a photocurrent, which is 
proportional to the intensity of the light shone on the intrinsic layer. A 
photocurrent can flow because of the increased conductivity, which is itself 
produced by the increment in the number of carriers. The cut-off wavelength on 
the red side of the spectra in a photodetector is given by: 
A_he_ 1.24 (Ion) (5.1) Ac 
EgT. (eV 
where h is the Planck constant, c is the speed of light in vacuum and A, is the 
wavelength corresponding to the semiconductor bandgap, E. When light of a 
given wavelength '% >A is illuminating the device, no band-to-band absorption 
takes place. This opens a window for detection of optical rectification and here 
rests the interest of the first structure. It was of great interest at this point to try a 
p-i-n ridge photodetector structure as the OREI due to the potential compatibility 
with a well-established technology. A difference between a p-i-n photodetector 
and an ORE device that can be pointed out, apart of the operation wavelength, is 
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that in the last we expect to measure a polarization in form of a voltage while in 
the former we measure the flow of carriers in the form of a photocurrent. 
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Fig. 5.4. Cross-section of an ORE 1 device. 
Fig. 5.4 shows a schematic view of the cross section of an ORE I device. As 
mentioned above, OREI devices are p-i-n structures with epi-layers grown on an 
n-type doped Gallium Arsenide substrate. The upper cladding consists of a1 µnß 
layer of Al0.24Gao. 76As of which, 0.5 µm is p-doped and the other 0.5 µm is 
intrinsic. The top cladding has a heavily doped cap layer to avoid oxidation of 
the cladding and to improve the p-contact. The guiding layer is intrinsic and 
consists of a 1.5 µm layer of Al018Ga0.82As. The lower cladding consists of a4 
µm layer of Al0.24GaO. 76As of which, 3.5 µm is n-doped and the other 0.5 µm is 
intrinsic as shown in Fig. 5.4. The thickness of the layers follows the design 
presented in section 2.5.1. There is a 200 nm Si02 layer acting as a buffer 
between the semiconductor and the metallization. This buffer prevents leakage of 
the optical mode into the metal. The top metallization is a p-contact and on the 
back of the substrate, there is an n-contact. Both were described on detail in 
chapter 4. There is no pattern definition on the contacts therefore giving a single 
top and a single bottom contact. 
A tuneable CW Ti: Sapphire laser, working in a wavelength ranging from 800 nm 
to 900 nm and a power range from 10 to 300 mW, was the optical source in the 
experiments. The sample was positioned in an end fire rig and the laser beam 
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was launched into it. An iris and a camera were used to align the systcm. The 
device was probed with two dc probes, one identified as signal, probing the p- 
contact and one identified as ground, probing the n-contact. The electrical signal 
was sent to an oscilloscope. The blue curve with black squares in Fig. 5.5 shows 
the amplitude of the signal detected when the wavelength is scanned from 800 
nm to 900 nm. At first impression, the larger signal at shorter wavelength makes 
sense because that is the qualitative behavior dictated by the absorption 
coefficient, which is plotted in Fig. 5.5 as a reference. The GaAs plot was build 
by experimental data from [9] while the Alo. I8Gao. 72As plot was obtained by 
shifting the GaAs one by its proportional change in bandgap energy (120 nm). 
The range of wavelengths used in this experiment were chosen to be far from the 
absorption etch of the AlGaAs core layer. According to the green trace in Fig. 
5.5, we do not expect to have any significant absorption at 900 nm, or even at 
800 nm. This is not the case. A strong signal is detected at 800 nm and decreases 
for longer wavelengths. 
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Fig. 5.5. Generated voltage vs wavelength for a TE linearly polarized 
light. Input power before the coupling objective = 85 mW (Blue). GaAs 
absorption coefficient vs wavelength from ref [9] (Red). Al0"18Ga072As 
absorption coefficient (Green). 
To determine exactly what absorption mechanism is generating the signal in Fig. 
5.5, the following discussion is presented. The absorption coefficient is a strong 
function of the wavelength. It is formed by various different absorption 
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mechanisms depending on the characteristics of the semiconductor and is mainly 
affected by doping and temperature. When the energy of the photons hv >_ kg, 
band-to-band absorption is the dominant mechanism. However, when hv< kg, 
linear absorption mechanisms such as free carrier absorption and intraband 
absorption as well as nonlinear absorption mechanism such as TPA are the 
possible generators of the signal in the semiconductor. The two linear 
mechanisms cited above, are not going to be present in a weakly doped material 
and certainly not on an intrinsic layer [10]. This left us with TPA as the 
mechanism responsible for the generation of the signal. To check if the signal is 
produced by TPA, a more precise observation of the dependence of the signal 
detected against power has to be done. To improve the precision of the detection 
system, a slight change in the set-up described above was made. Instead of using 
an oscilloscope to detect the signal, a lock-in detection system was implemented 
using an optical chopper and a lock-in amplifier as shown in Fig. 5.3. A sweep in 
wavelength using this detection system is shown in Fig. 5.6 giving the same 
qualitatively results that the ones obtained with the oscilloscope. The behaviour 
is the same for different optical powers. 
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Fig. 5.6. Generated voltage vs wavelength for two different optical 
power. The power shown was measured at the output of the laser. 
900 nm was the wavelength chosen to check the dependence of the signal with 
the optical power because is the point further away from the cut-off frequency. 
As TPA has a clear dependence in polarization, a half-wave plate and a polarizer 
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were added to the set-up in order to be able to rotate the polarization going into 
the device. A sweep in power was then made for TE and TM polarizations. The 
results are shown on Fig. 5.7. The black squares and circles are the experimental 
data for TE and TM polarization respectively. The blue and red lines are 
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Fig. 5.7. Detected signal at 900 nm vs input power. The black squares 
and circles are the measured values for TE polarization and TM 
polarization respectively. The coloured lines are quadratic fittings of 
the experimental results. 
The almost perfect quadratic behaviour of the plot indicates that the signal is in 
effect been produced by TPA. Similar plots can be seen in [I I] where the TPA 
photocurrent was being investigated. Another proof that the signal is being 
produced by TPA can be obtained by plotting the optical inverse transmission 
against the input power or intensity. This will produce a straight-line plot, where 
the slope is related to the TPA coefficient by [12]: 
1_in I 1-e'aL) 
- +a2 lin (5.2) 
T Io, a 
(l 
- R)2Ile -a'L ai 
(l - Re -ai. 
where a, and a2 are the linear and two-photon loss coefficients. 
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The inverse transmission plot is shown in Fig. 5.8. The black squares are the 
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Fig. 5.8. Inverse transmission vs input intensity. 
The calculated TPA coefficient obtained from the liner fit in Fig. 5.8 and 
equation 5.2 is az = 11.58 cm/GW. Note that the uncertainty of this value may be 
large because the coupling efficiency was never measured during the experiment. 
A coupling efficiency of 50% was assumed for the calculations. The value of a2 
found here is consistent with previous experimental results shown in [I I] 
Being far from the intrinsic absorption edge and the quadratic response or the 
signal for an incident power, we conclude that TPA is the dominant signal which 
is masking the ORE signal. Based on the result obtained in the ORE I devices, 
the natural progression towards the optimum ORE device is to move to longer 
wavelengths where TPA is considerably reduced. The temporal resolution of the 
optical rectification signal will be different to the one produced by TPA. The 
rectification signal will be shorter than any other signal produced by the 
movement of free carriers such as TPA. A device capable of handling microwave 
signals using travelling wave electrodes has, therefore, to be considered in future 
devices. 
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5.4.2 ORE2 devices. 
5.4.2.1 CW experiments. 
Once we have determined that band-to-band absorption and TPA are important 
factors in ORE experiments, we need to create a new structure that will improve 
the optical rectification experiments. Our new structure implements two new 
approaches; the first was the fabrication of new devices in an intrinsic material 
and the second was to investigate longer wavelengths. The new device, ORE2, 
contains microwave transmission lines on top of the optical ridge. The cross 
section of an ORE2 device is shown in Fig. 5.9. 
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Fig. 5.9. Cross-section of an ORE2 device. 
The set-up used in this experiment, was the same one described in last section, 
but this time, the light source is a CW Nd: YLF laser working at X= 1047 nm. 
The average power was 1.8 W, which had to be attenuated using neutral density 
filters to avoid damage to the facets of the device. Again, the sample was 
positioned in the end fire rig, and probed with two individual dc probes. The 
electrical signal was detected with a lock-in system. When plotting the detected 
voltage versus input power (Fig. 5.10a), a different behaviour than the one 
exhibited by the p-i-n structures can be observed. No appreciable difference was 
observed between TE and TM polarisation. Monitoring the output power, we 
realised that it followed the same behaviour as the detected voltage (Fig. 5.1 Oa). 
This can be seen more clearly in Fig. 5. lOb. The saturation shown in Fig. 5.10a, 
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could be due to the saturation of states in the semiconductor hands. At powers 
above at around 65 mW, no more free carriers are available to keep increasing 
the signal. This is also a consequence of using intrinsic layers in ORE2 devices. 
To try to find out the phenomenon that is producing the voltage in the sample, 
the inverse transmission versus input power was plotted (Fig. 5.1Oc). Although 
the plot in Fig. 5.10c does not look as linear as the plot in Fig. 5.8, it is still 
adequate to say that we are measuring TPA in the sample. This does not mean 
that the ORE signal is not in the sample but is still being mask by other effects. A 
possible solution to this problem is to perform temporal experiments at higher 
wavelength and/or use short electrical pulses. 
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Fig. 5.10. (a) Detected voltage and output power against input power. 
This time the quadratic dependence is not very clear and saturation can 
be observed. (b) Output voltage and output power have the same 
dependence with the input power. (c) Inverse Transmission plot. 
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5.4.2.2 Pulsed experiments. 
If we perform an experiment where the energy of the photons is below the half 
band gap of the material, we expect to eliminate, or at least reduce considerably, 
the TPA signal (main component in previous experiments). The reduction on the 
TPA signal increases our chances to detect the ORE signal. If a pulsed laser is 
used in the experiment, the temporal response of the signal can be analysed based 
in the justification given at the end of section 5.4.1. The pulsed experiments were 
performed using a mode-locked NaC1: OIr F-centre laser, operating at the 
wavelength of 1616 nm, producing pulses of duration 25 ps at a repetition rate of 
82 MHz. Again, the output of the laser was end-fire coupled to the optical 
rectification device. The device was probed with a 40 GHz probe. The probe has 
a ground-signal-ground configuration with a pitch separation suitable for the 
design of the electrodes. The electrical signal was connected to a Lock-in 
amplifier and the average signal was measured. The TE and TM polarised modes 
were launched into the device. As in the last experiment, we were able to 
measure a relatively large average signal, which tended to saturate at high input 
power. This saturation of the signal can be explained by the saturation of states in 
the semiconductor. The plot of the detected voltage versus input power is shown 
in Fig. 5.1 Ia. It is not possible to see any substantial difference between the TE 
and TM polarised modes, which means that the ORE signal is still being masked 
by another effect. When the inverse transmission is plotted versus the input 
power (Fig. 5.1 lb), the resulting curve is not a straight line. At this wavelength, 
the signal of TPA is minimized and therefore, the signal could be produced by 
residual TPA, and free carrier absorption. The signal could also be generated by 
three-photon absorption but according with [12] this effect will also be minimum 
at the working wavelength. The same experiment was performed again with the 
mode locking suppressed but maintaining the same average power. The 
measurements did not show any difference to the plots show in Fig. 5.11. The 
numerical values and the qualitative behaviour were the same. This experiments 
validates the use of a CW measurement system in a pulsed experiment in the 
sense that a difference on the plot for the transmission inverse is clearly seen. 
The next step of the experiment consisted in connecting the electrical signal to a 
sampling oscilloscope to observe the temporal resolution of the electrical signal. 
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Unfortunately, problems to trigger the signal were found and no observation 













Fig. 5.11. Detected voltage (a) and transmission inverse (b) for an 
ORE2 device at 1620 nm. 
Up to now, there is not real proof of optical rectification. One reason is that the 
lock-in amplifier is not able to resolve any difference because it detects Vm 
values. Another reason is that the electric field is too far away from the optical 
field because the electrodes cover both, the ridge and the etched region. 
At this point of the research, the importance of having a temporal experiment 
was evident. So far, there has been no proof that a train of pulses is been 
generated on the device. Further experiments were carried out on the same ORE2 
devices using an optical parametric oscillator (OPO) working at X=1500 nm with 
a pulse width of around 400 fs. This time, electrical pulses were detected, 
observed and measured. Based on previous experience and on the difficulty to 
trigger the sampling head, a microwave spectrum analyser with a free running 
trigger was used just to see if there was a periodic signal travelling on the 
electrodes of the ORE device. The spectrum analyser proved that a periodic 
signal was present on the device. The repetition rate of the electrical signal being 
detected was 84 MHz, which is in agreement with the repetition rate of the OPO. 
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A 500 MHz oscilloscope was used to analyse the electrical pulses. The pulse 
train obtained can be seen in Fig. 5.12. The pulse width at FWHM is 2.77 ns. The 
11.9 ns correspond to the repetition rate of the laser. Theses pulses detected on 
the ORE2 device (an intrinsic structure) are very encouraging. However, the 
pulse width of the temporal signal does not correspond to the instantaneous 
response expected by the optical rectification effect. A signal with a temporal 
duration of the order of nanosecons is easily produced by the movement of free 
electrical carriers. An interesting experimental observation is that no difference 
between TE and TM polarizations could be seen. This suggests that the signal is 
still being produced by carriers and not by the optical rectification polarization. 
We believe that the shape of pulses in Fig. 5.12 is consistent with a capacitive 
effect in the device that screens the charges accumulated underneath the Si02 
buffer under the electrode area. TPA is still believed to be the cause of these 






Fig. 5.12. Pulses detected with a 500 MHz oscilloscope. 
An experiment using a tuneable laser was then designed to determine the 
wavelength dependence of the pulsed signal. The optical excitation was in the 
form of an OPO delivering 30 mW of average power. The pulse width was - 260 
fs FWHM and the tuning range from 1420nm to 1510 nm. The results are shown 
in Fig 5.13. The electrical pulse width is 3.313 ns FWHM for all the wavelength 
range. The 11.66 ns correspond to the repetition rate of 85.76 MHz. No signal 
could be detected at wavelength of 1510 nm and above. The different traces do 
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not have a common baseline because the equipment used was a sampling head, 
which only detects AC signals. The extra shoulder in the pulse is caused for the 
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Fig. 5.13. TPA signal for different wavelengths. 
The dependence of TPA with wavelength can be obtained from the peak-to-peak 
values of the different signals in Fig. 5.13, Fig. 5.14 shows the drop of the 
amplitude of the signal with wavelength. At 1510 nm the signal is too small to be 
detected by our equipment. This result should be interpreted carefully. In one 
hand, the 1510 nm compares to the edge of the TPA signal estimated in equation 
2.6 (1500 nm). In the other hand, it is well known that the TPA tail goes well into 
longer wavelengths, particularly for the TE polarisation. The conclusion drawn 
from this experiment is that the most significant part of the TPA signal can in 













Fig. 5.14. Magnitude of the TPA signal in function of wavelength. 
The geometry of the electrodes used on the ORE2 from which the pulses in Fig. 
5.12 and Fig 5.13 were detected will be described with the visual aid of Fig. 5.15. 
Fig. 5.15. Top view of the ORE2 device use to record the signals 
shown in Fig. 5.13. 
Fig. 5.15 shows the schematic of the top view of an ORE2 device. It contains 
ground-signal-ground electrodes with the following dimensions: gap between 
electrodes, 9 µm; major electrode width, 200 µm, minor electrode width, 44 line, 
waveguide width, 5 µm; electrode length, 1 cm; sample length, 1.2 cm. As usual, 
there is a silica buffer layer between the semiconductor and the electrodes. All 




Still, the ORE2 device is not optimised for detection of optical rectification. One 
key point to detect the optical rectification signal is to fabricate the electrodes 
very close together and to have a central conductor no wider that the optical 
waveguide ridge. This approach was taken into account for the third generation 
of devices, which were fabricated using the electron beam writer due to the small 
dimensions involved (the gap between electrodes will be below the limit of our 
optical lithography process). The design of the ORES devices will improve the 
overlap between the electrical optical mode and the microwave mode. 










The knowledge in ORE devices obtained up to know allows us to have a better 
electrode design for generation three. There were not many experiments on these 
devices because at this point we knew that the design was not complete until the 
creation of velocity matched structures. These devices were more an exercise to 
master the fabrication process described in chapter 4. The third generation of 
optical rectification devices have the central electrode exactly on top of the ridge. 
They are non-velocity match structures. The cross section of an ORES device is 
shown in Fig. 5.16 where the central electrode sits exclusively on top of the 
ridge. The distance between electrodes is 2.5 µm. The ORES devices were 
fabricated on two different wafer structures where the only difference between 
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them was the cap layer; in one of the structures, there was a heavily doped p-type 
cap while on the other an intrinsic cap layer tops the structure. This was made 
with the idea of seeing the influence of a doped layer in the structure, which 
might interfere with the rectification signal. 
The same set experiments described in section 5.4.2.2 with the tunable OPO were 
carried-on on the ORE3 devices, but no signal could be detected on the sampling 
oscilloscope. However, the signal obtained from the lock-in amplifier was very 
similar to the one shown in Fig. 5.11. This indicates that there is a small signal 
coming out of the device but, again, the system is not sensitive enough to detect 
it. The presence of a heavily doped cap layer did not show any difference respect 
to the intrinsic layer. This is because the optical field is too far from this layer and 
therefore not affecting the behaviour of the device. 
The reason why pulses were detected on a ORE2 structure and not in a ORE3 
structure, when performing identical experiments, can be explain as follows: the 
signal produced by TPA follows the transport mechanisms of free carries on the 
core layer. These carriers have to reach the metal electrodes to be drained from 
the device. In this particular case, they screen a charge on the electrodes. The 
reason why the carriers would move towards the electrodes is because we are 
probing the device and there is an electrical potential difference associated with 
the probe. The probe in general, will be more negative on the ground electrodes 
than it is on the signal electrode. Free carriers can only move a finite distance 
before they are recombined. This distance is know as the Debye Length, LD and is 
given by [13]: 
E, kT LD =2 
q no 
(5.3) 
where e, is the dielectric constant of the semiconductor, k is the Boltzmann 
constant, T is the temperature, q is the elementary charge and no is the carrier's 
equilibrium concentration. ss for Al,, Gal.. As can be calculated with the following 
expression [14]: 
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ES =13.18-3.12x (5.4) 
The ORE2 and ORES devices have an no value of 1014 cm"3 to 1015 cm-' in the 
core layer. From equation 5.4, ES for an 18% Aluminium concentration is 12.61. 
LD can be calculated for both values of no LD(Jo'4) = 424.41 nm and Lj)(Io1 `) -- 
134.21 nm, which means that the free carriers will move a distance between 134 
nm and 424 nm before they recombine. In addition, all the carriers generated in 
the core will move much less than the above estimation because they need to get 
over the heterostructure. Fig. 5.17 shows a representation of what happen with 
the free carriers when they are generated by. TPA in (a) an ORE2 device and (b) 





Fig. 5.17. TPA generated carriers in (a) an ORE2 device and (b) and 
ORES device. 
In an ORE 2 device (Fig. 5.17a), the electrodes are very close to the active region 
and therefore the carriers have to travel a distance of around 200 nm to start to 
accumulate underneath the signal electrode. This accumulation generates the 
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signal that we are measuring. However, to accumulate carriers underneath the 
signal electrode in a ORES device (Fig. 5.17b), they would have to travel about 
1000 nm which is more that two times LD. That does not happen and therefore no 
signal is generated in this case. 
Again, ORE3 devices are not optimum to extract a rectification signal from the 
device but in terms of understanding the devices is invaluable. Once the 
fabrication process was proofed in ORES devices, the fabrication of velocity- 
matched devices or ORE4 devices was initiated. The results are shown in the next 
section. 
5.4.4 ORE4 device. 
A 3D schematic of an ORE4 device is shown in Fig. 5.18. These devices are 
velocity matched following the design presented in chapter 3. 
Fig. 5.18. ORE4 device. 
Most of the research effort was concentrated on these devices because, as it was 
explained in chapter 2, these are the ideal devices in terms of extraction of the 
rectification signal. From previous experiments, we know that the signal 
generated by the device may be smaller that the higher resolution of a sampling 
head hence a microwave spectrum analyser was used. A microwave spectrum 
analyser has higher sensitivity and dynamic range than any existing sampling 
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oscilloscope and therefore if we use it as a detection system, we should be able to 
detect smaller signals. Obviously, the signals will be captured in the frequency 
domain. These signals can then be converted to the time domain for analysis. 
Before performing the rectification experiments in the ORE4 device, we decided 
to try them first as electro-optic modulator, and mode converter, since the 
structure is very similar for these three devices. The sort of information we can 
gain by performing this experiments is to confirm the right crystallographic 
orientation and estimate the nonlinear coefficient of the material. 
5.4.4.1 As electro-optic modulator. 
GaAs being a crystalline material can manifest the electro-optic, or Pockels 
effect. This effect can be considered as the opposite effect to optical rectification 
(chapter 2, equation 2.6). The electro-optic effect provides a change in refractive 
index proportional to an applied electric field [15]. The effect of the electric field 
along the crystallographic axis depends on the direction of the electric field and 
the type semiconductor material. The effect of the direction of the electric field in 
a GaAs structure grown on the [100] direction (as all our ORE devices) is 
detailed in [16]. This change in refractive index can be used to produce intensity 
modulators. From the electrical characteristics of the electro-optic modulator, the 
electro-optic coefficient can be calculated and therefore the rectification 
nonlinear coefficient known. 
Fig. 5.19 shows the bias for the ORE4 device working as electro-optic 
modulator. A voltage was symmetrically applied between the signal and the 
ground electrodes. 45° degrees linearly polarized light was launched into the 
device. A polarizer with cross-polarization with respect to the input was place at 
the output. The signal was detected with a photodetector. The transmission factor 
for the cross-polarized electro-optic modulator as a function of the applied 
voltage is shown in Fig. 5.20. From this results we can calculated a V. voltage of 
21 V. The experimental data were passed on to Bubke for further processing. An 
effective nonlinear coefficient xef= 9x10-14 s/m--fW- accounting for the overlap 
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integral was obtained. This value compares very close to Bubke's theoretical 
calculations [17] for GaAs with growing direction [100]. The value reported in 
the paper is xeff = 8.3x10"14 s/m , 
but for an impedance of 60f2, which is 
closer to our structure, a value of xeff= 10x10-14 s/m is expected. As we can 
see from the values above, our crystallographic orientation and electrode 
configuration is the correct one for a rectification device. 
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Fig. 5.20. Transmission factor for the cross-polarized electro-optic 
modulator as a function of the applied voltage. 
5.4.4.2 As polarization converter. 
Another way to operate the ORE4 device is as polarization converter. Here, a 
high voltage is applied to achieve mode conversion [18]. 
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Fig. 5.21 shows the bias of the ORE4 device working as mode converter. The 
voltage was applied between the two ground electrodes. TE linearly polarized 
light was launched in to the device and a polarizer set to pass TM was place at 
the output. The results of this experiment are shown in Fig. 5.22. At a voltage of 
around 45 V we start to see the mode conversion. The percentage of conversion 
at 80 V is around 20 %. Again, the experimental data was passed on to Bubke 
who confirmed again that the measurements fit well the theoretical analysis [ 191. 
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Fig. 5.22. Transmission characteristic for the polarization converter. 
5.4.4.3 The rectification device. 
After demonstrating that the material and the ORE4 device are consistent with 
well-known applications, the ORE4 devices were tested for optical rectification. 
The experimental results presented here are from Dev00, Dev32, /)ev68 and 
Dev80. DevOO uses plain electrodes while the other three have slow-wave 
electrodes. The difference among the latter is the design of the slow wave 
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electrode, which is detailed in table 3.1. Reference is also made to Dev44 and 
Dev56. The dimensions of these two devices are summarised in table 3.2. 
The experimental set-up used can be described as follows: the optical source was 
an optical parametric oscillator (OPO) with a repetition rate of 86.7 MHz and a 
pulse width of 250 fs FWHM. The OPO could be tuned from 1480 nm to 1580 
nm at its signal output. An average power of 30 mW could be maintained over 
the whole wavelength range. Up to 100 mW was obtained for the shorter 
wavelengths. The beam from the OPO was end-fire coupled into the ORE device 
using a x40 microscope objective. The light at the output of the device was 
collected using a x20 microscope objective and projected onto a CCD camera to 
help with the alignment. A A/2 plate was positioned on the optical path before the 
input lens to manipulate the polarization state going into the device. The 
polarization direction could be altered continuously from TE to TM by rotating 
the A/2 plate between 0 degrees and 90 degrees. As explained in chapter 2, the 
optical mode travelling on the waveguide induces an electric field in the CPW 
line by means of the ORE. To detect such a signal, the ORE device was probed 
using a 40 GHz microwave probe and connected to a microwave spectrum 
analyser with a bandwidth of 40 GHz. Using this set-up, a number of 
experiments were carried-on on different ORE devices. 
In the first experiments, light was coupled into the device and the spectrum 
analyser was used to look for an electrical signal. The presence of electrical 
pulses propagating in the structure was confirmed by the signal detected (Fig. 
5.23). The fundamental frequency peak was centred at the repetition rate of the 
laser. The signal shown in Fig. 5.23 has an amplitude of -65 dBm. We believe 
that velocity-match imperfections within the ORE device and the high loss 
associated with the transmission line attenuate and disperse the signal. This 
explains the weak signal obtained. The fact that the signal is weak does not allow 
us to connect a sampling oscilloscope and observe the electrical pulse directly. 
Alternative ways of seeing the temporal resolution of the pulse have to be used. 
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Fig. 5.23. Typical electrical signal obtained from an ORE4 device. 
The second experiment consisted on sweeping the wavelength over the whole 
working range of the OPO. The amplitude of the signal was considerably higher 
for shorter wavelengths, evidence of the two-photon absorption (TPA) tail. At X 
= 1580 nm, the TPA signal is almost completely suppressed, however there is a 
small contribution from band tail states which acts as an offset to the ORE signal. 
The optimum results according to the design philosophy of the device are 
obtained at an input wavelength of 1580 nm where the detrimental effects of 
multi-photon absorption are minimized [12]. This does not mean that other 
wavelengths are not explored. In the contrary, different wavelength 
measurements help to understand the behaviour of the ORE devices. These will 
be explained on detail on the following paragraphs. 
The full set of experiments will be described for Dev80. Dev 80 illustrates most 
of the required characteristics of a rectification device. It is then compared with 
the other devices, which may present better or worst performance. Fig. 5.24 
shows the electrical signal obtained for aA= 1570 nm for TE and TM 
polarizations. The ideal plot would have the amplitude of the TM signal very 
close to the noise level but this is not the case. There is therefore a background 
signal superimposed to the relative difference between TE and TM. The input 
power P;,, was 35 mW. Pm on this chapter is defined as the power at the output of 
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laser. A good approximation is to consider that 60% of this power is coupled 
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Fig. 5.24. Electrical signal produced by Dev80. A=1570 nm, P,,, = 35 
mW. 
The wavelength was swept keeping the power constant and a clear decrease of 
the signal's amplitude was observed (see Fig. 5.25). This is in agreement with the 
explanation given above about the TPA tail being reduced at wavelengths around 











Fig. 5.25. Wavelength dependence of the electrical signal in Dev 80. 
We also looked at the variation of the electrical signal as a function of input 
power for two different wavelengths. Fig. 5.26a shows the results for .A= 1555 
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while Fig. 5.26b shows the results for A= 1570 nm. The general trend shows 
t the signal increases with power as well as the ratio between TE and TM. The 
Zal seems to reach saturation, even when we expect it to go up all the way for 
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Fig. 5.26. Electrical signal as function of input power for Dev8O. 
The saturation seen in Fig. 5.26a can be explained by using our assumption of the 
existence of an offset signal present on the device. The rectification signal, which 
can be represented by the difference between TE and TM does not saturate it 
does get bigger with power. What saturates is only the background signal giving 
the saturation shape to the curve. 
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e polarization dependence of the ORE signal is shown in Fig. 5.27. The solid 
cares are the experimental points taken for different input polarization states 
üle the solid red line is a cos 2 curve only plotted to help visualize the trend. 
e electrical signal has a maximum for TE input polarization and minimum for 
4 input polarization as expected from an ORE signal. A= 1550 nm. 
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Fig. 5.27. Polarization dependence of the rectification signal for Dev8O 
at A. =1550 nm. 
As mentioned before, the small amplitude of the signal does not allow us to use a 
sampling oscilloscope to look at the signal in time domain. In order to estimate 
the temporal resolution of the electrical pulses, indirect methods have to be used. 
An electrical pulse train will generate a number of harmonics determined by the 
width of the pulse and/or by the bandwidth of the spectrum analyser. The 
frequency spectrum of the signal obtained from Dev80 is shown in Fig. 5.28. Our 
first attempt to analyse the pulse in time domain was to apply a fast Fourier 
transform (FFT) algorithm to the frequency spectrum shown in Fig. 5.28. The 
spectrum corresponds to a pulse with width of 47 ps, FWHM. Because there is 
no phase information in the signal obtained from the spectrum analyser, this 
approximation would be only valid in the case where the measurement system is 
perfect and all the harmonics are affected equally. In addition, we may be 
integrating most of the signal's noise, as we do not have a method to eliminate it, 
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causing a significant error in the transformation. Another method to analyse the 
pulse in time domain, is using the envelope of the spectra and calculate the 3 dB 
bandwidth. By doing this, a pulse width of 3.7 ns FWHM is obtained. This is 
comparable to the signal obtained by TPA. This result is not a contradiction with 
the proof of optical rectification as we recognised there is a TPA offset in the 
detected signal. The pulse therefore must have a more complex shape that cannot 
be reconstructed with the available data. The temporal resolution of the pulse can 
be obtained by electro-optic sampling, or by integrating a photoconductive 
switch on the CPW line, which is described on chapter 7. 
-70 
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Fig. 5.28. Frequency spectrum of the electrical signal from Dev8O. The 
harmonics are spaced 86.7 MHz which corresponds to the repetition 
rate of the laser. Irrset: Frequency spectrum converted into the time 
domain by using FFT. 
The set of measurements performed on the ORE4 device points to optical 
rectification as being the main mechanism producing the signal. A signal 
detected even at wavelengths where TPA is greatly reduced and the clear 
polarization dependence of the signal is consistent with the expectations of the 
optical rectification effect. 
Another device characterised under the previous set of experiments was Dev68. 
This device presented strong rectification characteristics even at X= 1480 nm. 
The electrical signal detected by the spectrum analyser at this wavelength with 
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= 45 mW is shown in Fig. 5.29. There is a clear difference between the two 
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Fig. 5.29. Electrical signal produced by Dev68. A=1480 nm, P, = 45 
mW. 
A sweep on wavelength was done next. The dependence of the signal for TE and 
TM polarized light is shown in Fig. 5.30. The TM signal remains almost constant 
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Fig. 5.30. Electrical signal as function of wavelength for Dev68. 
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The behaviour of the signal with power is shown in Fig. 5.31. Again, saturation 
can be observed but probably not in the same magnitude as for I)ev8O. The 
important point to notice is that the relative difference between TE and TM 
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Fig. 5.31. Electrical signal as function of input power for Dev68. 
Probably the most important measurement is the polarization dependence. This 
dependence was measured and the results are plotted in Fig. 5.32. Again, the 















Fig. 5.32. Polarization dependence of the rectification signal for Devi 8 
at A=1480 nm. 
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The polarization dependence measurement gives confidence of the origin of the 
electrical signal: optical rectification. Finally, the frequency spectrum was taken 
for Dev68 and plotted in Fig. 5.33. It is clear from Fig. 5.33 is that our frequency 
spectrum is very broad and consistent with an ultrashort electrical pulse being 













Fig. 5.33. Frequency spectrum of the electrical signal from Dev68. 
Just as a comparison, an ORES device was measured at this point. The behaviour 
of the electrical signal as a function of the input power at A= 1570 nm is shown 
in Fig. 5.34. Here, there is almost no difference between TE and TM as is the 
case in Fig. 5.26 and Fig. 5.31. We believe that this lack of difference is due to 
the lack of rectification signal being coupled on the CPW line. Therefore, we are 
looking at the background signal only. An interesting observation was done when 
recording the frequency spectrum of the ORE3 device. The harmonics only 
extend to around 3.5 GHz when normally they extend up to 10 GHz and above 
(see Fig. 5.35). This is just an indication that the electrical signal is not a short 
pulse this time. The signal can be a broad pulse or even a bipolar pulse as 



























Fig. 5.35. Frequency spectrum of the electrical signal from DevOO. 
ollowing these results, more ORE4 devices were measured. Dev44 and Dev56 
resent almost the same characteristics as Dev80. There is not an obvious 
ifference between them. In any case this devices have to be looked at greater 
etail as was the case for Dev80. 
ýev32 however, did present an interesting frequency spectrum. It was the only 
. -vice to generate clear harmonic signals up to 16 GHz. This spectrum is shown 
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in Fig. 5.36. A reason of why this is occurring is that the velocity-match between 
the optical and electrical signal is better than on the other ORE4 devices. Just for 
illustration, the temporal response of the pulse was obtained by the use of the 
FFT (see all the restrictions of the method discussed above) and the pulse in the 
time domain is shown in the inset of Fig 5.36. The pulse was 32 ps FWIIM. The 
3 dB bandwidth of the spectrum's envelope gives a pulse width of 4.9 ns 
FWHM. Dev32 was reported in [20] as the first observation of ultrashort 
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Fig. 5.36. Frequency spectrum of the electrical signal from Dev32. 
Inset: Frequency spectrum converted into the time domain by using 
FFT. 
From the final experiments done to the ORE4 devices is clear that the 
discrimination and detection of the optical rectification signal in waveguides is 
not a trivial matter. We have identified Dev32 as the device with most potential 
for rectification given the fact that is the one that generates a larger number of 
harmonics. We believe that the velocity-match between the optical and electrical 
structure in the ORE4 devices is still not ideal and therefore a much efficient 
device can still be created. The very short dimensions of the electrodes and the 
gaps between them add complexity to the modelling of the transmission line 
which is not include in commercial software. The thickness of the electrodes has 
to be increased to reduce losses. Just by addressing these two points, the 
efficiency of the ORE devices can be considerably increased. 
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5.5 Conclusions. 
This chapter described the experimental approach taken to develop an ORE 
device. The design made use of four different generations each contributing with 
information and knowledge towards the optimum ORE device. Such information 
can be summarised in the following bullet points: 
" ORE I. Effect of doped layers, band-to-band absorption and TPA. 
" ORE2. TPA and pulsed experiments. 
" ORES. Reduction of TPA. 
" ORE4. Optical rectification. 
Although ORE4 devices gave an electrical signal that is in agreement with 
optical rectification, there is still more work that can be done in the future to 
improve the detection capability of the device. The proposed future work is 
summarised in chapter 7. 
The ORE4 devices proved the following three points: 1) we have electrical 
pulses coming out of the device, 2) we have very clear polarization dependence 
of the signal and, 3) the width of the electrical pulses cannot be confirmed until 
photoconductive sampling or electro-optic sampling is used on the ORE device. 
We identified Dev32 as the best device of the batch followed in second place by 
Dev68 and finally Dev80 in third place. The efficiency of the ORE devices can 
be improved by a doing a more accurate design of the device. 
The power of the input optical signal could be increased to increase the 
amplitude of the electrical signal, but we believe that this will not do any 
qualitative difference in the results but will generate more lateral effects that will 
mask again the rectification signal i. e. MPA. 
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6. AlGaInAs Semiconductor 
Q-swItched Lasers. 
6.1 Introduction. 
Ultrafast devices such as the ORE devices described in this thesis, can find 
application in telecommunication systems. However, unless they can be operated 
with a semiconductor laser, they cannot be considered as a real option. The 
exploration of a potential semiconductor source to be used in combination with 
an ORE device was therefore, an important part of this thesis. Optical 
rectification being a nonlinear effect requires of a certain level of power to 
operate. The three most common techniques utilised to generate pulses in 
semiconductor lasers are: mode-locking, q-switching and gain switching. The 
high repetition rate associated with mode-locking reduces the pulse power of the 
laser. The pulses produced by gain switching are a consequence of the gain being 
turned on and off and therefore the pumping energy is present only a fraction of 
the repetition rate. Q-switching uses the aid of saturable absorption to compress 
the energy in a giant pulse that last a fraction of the repetition rate. The pulse 
power in a Q-switched laser is considerable higher than the one produced by gain 
switching under similar average power. 
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The current most common material systems used in the fabrication of long 
wavelength semiconductor lasers are InGaAsP (P-quaternary) and AlGaInAs 
(Al-quaternary). Recently, the search for improved performance and thermal 
stability of long wavelength semiconductor lasers (operating around 1.5 µm) has 
led to the increasing interest in the InGaAs/AlGaInAs quantum well material 
system as an alternative to InGaAsP. Al-quaternary systems and P-quaternary 
systems have many similar properties such as the range of bandgaps (i. e. emitting 
wavelengths), carrier mobility and refractive index. However, an important 
difference exists between them: Al-quaternary material has a larger conduction 
band offset (DE. /EEO [1]. Due to the larger conduction band offsets in the 
InGaAs/AlGaInAs system (DE, /DEg = 0.7) compared to InGaAsP (AEdAE$ = 
0.4), electron confinement in the quantum well can remain strong with increasing 
temperature, allowing lasers to be operated without cooling (see Fig. 6.1). This 
higher confinement can also help to reduce leakage current densities. As a direct 
consequence of the larger offset in the conduction band, the valence band offset 
gets shorter. This will reflect in faster hole escape times and a speed-up in the 
absorption recovery. Some recent publications, [2], [3] and [4], have shown that 
in applications where high temperature operation is especially important, Al- 
quaternary lasers are expected to perform better than those fabricated in P- 
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Fig. 6.1. conduction band offsets for (a) P-quaternary material and (b) 
Al-quaternary material. 
Q-switched lasers find their applications in communication and sensing systems 
where a short pulse source with a controllable repetition rate is required. The 
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width of the pulse from a Q-switched laser is typically in the order of 10 ps to 
100 ps, depending on the length of the cavity. Q-switched semiconductor lasers 
are always multi-section diodes and they must have at least one absorber section 
(introducing saturable loss into the cavity) and one gain section. In multiple 
quantum well (MQW) material, a reverse bias section can be used as a saturable 
absorber which can then either passively Q-switch, or mode-lock the laser 
depending on the relative length of the gain and absorber section. In this chapter, 
we report the first demonstration to our knowledge; of passive Q-switching in a 
MQW two-section InGaAs/AlGaInAs laser diode emitting at 1.582 µm [5]. 
6.2 Q-switching. 
It is not the aim of this thesis to give a detail review on the physics behind the Q- 
switching of semiconductor lasers. However, an introductory explanation is 
given in this section. For further reference, please refer to [6] and [7]. 
Q-switching of diode lasers by rapidly switching the intracavity loss is a simple 
technique for producing optical pulses with high repetition rates and high peak 
powers. It involves deliberately introducing a time-dependent loss into the cavity. 
With high loss present, the gain due to the population inversion can reach large 
levels without laser action occurring. The high loss prevents laser action while 
energy is being pumped into the exited state of the medium. If, when a large 
population inversion is achieved, the cavity loss is suddenly reduced, laser 
oscillations can then begin. However, the threshold gain is now much less than 
the actual gain ensuring a very rapid build-up of laser oscillation. All the 
available energy in fact is emitted in a single, large pulse. This quickly 
depopulates the upper lasing level to such and extent that the gain is reduced 
below threshold and lasing action stops. 
The variations in the optical loss that is necessary for Q-switching can be 
produced through passive means using a saturable absorber, or through active 
means when the loss is directly modulated by an external optical or electrical 
element. An advantage of diode lasers is that the gain section and the saturable 
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absorber are fabricated monolithically and have exactly the same material 
composition. 
The typical configuration used for Q-switching semiconductor lasers consists of 
two-sections, where the long section is forward biased to produce gain in the 
device and the short section is reverse biased to suppress lasing in the structure. 
The long section forms the gain section whilst the short section forms the 
saturable absorber. An schematic of the laser if shown in Fig. 6.2. 
: et 
Fig. 6.2. Schematic of a two-section laser. The p-contact is splitted into 
2 sections, the gain which is forward bias and the absorber which is 
reverse bias. The gain is also the longer section. 
6.3 Material System. 
The material used to fabricate the devices consists of six pairs of 7 nm InGaAs 
wells sandwiched by 8 nm Al0.2Gao. 27In0.53As barriers. The p-doped upper 
cladding consists of a 1.5 µm layer of AllnAs with a p+ contact layer of 200 nm 
InGaAs on top. The n-doped lower cladding consists of a 500 nm layer of 
AlInAs grown on top of a 600 nm layer of InP (buffer). The whole structure has 
been grown lattice matched (x+y = 0.47) to an InP substrate. Table 6.1 
summarises the layer structure. 
The electron confinement energy in the well for this structure is expected to be 
around 225 meV, derived from the models presented in [2] and [8]. 
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Table 6.1. Layer structure of the wafer used to fabricate the lasers. 
Repeats Thickness (A) Material Do ant Type Conc cmT 
1 2000 InGaAs Zn p 5.0x1015 
1 15000 AIInAs Zn p 017 
1 1220 A1o. 2Gao. 27Ino. 53As 1 
6 80 AIo. 2Gao. 27In0.53As I 
6 70 InGaAs I 
1 1300 AIo. 2Gao. 27In0.33As I 
1 5000 AlInAs Si N 5. Ox 1017 
1 6000 InP buffer Si N 2,0x]018 
131420 1= total thickness 18 layers 
6.4 Fabrication 
A photo of the two-section laser fabricated is shown in Fig. 6.3 and will help to 
illustrate the fabrication steps described below. In a two-section laser, the p- 
contact is split into two sections, one of which is forward biased, the other 
reverse biased, forming a gain section and saturable absorber both monolithically 
integrated in a single laser chip. The device dimensions were 450 µm long gain 
section with a 50µm long absorber. There is also a 10 µm separation between the 
two sections. The isolation resistance between the absorber and the gain section 
was typically >IM. Two SEM pictures of the lasers are shown in Fig 6.3. 
(a) 
Fig 6.3. SEM photos of the lasers. (a) lasers before cleaving. The white 
dotted lines shows where the sample will be cleaved. (b) close-up of the 
laser. The gap between electrodes at the ridge level is 10µm. 
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A cross section of the material used for fabrication showing the relevant epi- 
layers is shown in Fig. 6.4. 
p+ contac layer 
AlinAs p cladding 
D MOW 
"AIInAs n cladding 
" InP Substrate 
Fig. 6.4. Schematic cross section of the epi-layers of the Al-quaternary 
material. 
As we did in chapter 4, the fabrication steps will be described on detail at every 
stage of the process. All the process which are common with those described in 
chapter 4 will not be described again. Please refer to that chapter for details. 
Cleaning. Opticlear, acetone and methanol. 
Silica (Si02) deposition. 200 nm PECVD Si02. Si02 will be used as etching 
mask for the ridge. For the ORE devices (see chapter 4), we use the resist as the 
etching mask because the etch depth was only 0.8 µm. For the lasers, the etch 
depth will be 1.6 µm and the resist will not stand the etch process. 
Fig. 6.5. Si02 deposition. 
Spinning resist. S1818,4000 rpm, 30 sec. 
Softbake. - 90 °C for 30 min. 
Exposure. Ridge mask, 11 sec. 
146 
Development. 1: 1 mixture, 75 sec. 
Dry etching of Si02 ridges. The dry etching of the Si02 was done on a BP80 
machine. The gas mixture used in the process was C2F6 and the etch time was 5 
min. 
Strip resist. Acetone. 
Fig. 6.6. Sample after Si02 etching and strip resist. 
Etching. The dry etching was done on a ET340 machine which again is a 
chemical assisted etching. The Q-switched laser devices were based on a ridge 
waveguide structure, which was etched using a CH4/H2 process to a depth of 1.6 
µm. Before each run, the chamber was purge of 02 for 10 min. The process 
parameters used on the ET340 machine are summarised in table 6.2. 
Table 6.2. ET340 process recipe. 
Parameter Gas mixture Amount Units 
Gas flow CH4/H2 50/100 % 
Gas flow CH4/HZ 10/100 sccm 
Etch pressure -- 50 mtorr 
Forward RF power -- 50 W 
Strip Si02 mask. 4: 1 buffered HF was used to remove the Si02 mask. The 
sample was immerse in HF for -12 sec and then rinse thoroughly with RO water. 
The sample was then blow-dry using a N2 gun. 
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Fig. 6.7. Sample after dry etching and strip resist. 
Silica (Si02) deposition. 200 nm PECVD Si02 for isolation. 
Fig. 6.8. Si02 deposition. 
Spinning Resist. The next photolithography step, which starts here, will define a 
window on top of the ridge. This alignment is critical and therefore more 
accuracy is needed. The resist used in this step is S1805. This resist has exactly 
the same properties as S 1818 described in chapter 4. The difference is that for the 
same spinning conditions, S1805 will be 0.5 µm thick as oppose to 1.8 gm. This 
thinner resist allows for a contact alignment, which is physically closer to the 
semiconductor. This, in consequence, makes the alignment more accurate. S 1805 
was spun at 4000 rpm for 30 sec. 
Softbake. 90 °C for 30 min. 
Exposure. Window opening mask. The exposure time is now 3.5 sec for S 1805. 
Development. The development of the contact window is done in a number of 
repetitive steps. The same 1: 1 mixture used for S 1818 is used for S 1805. The 
sample has to be developed for 15 sec then rinse in RO water and blow-dry. The 
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sample is inspected under the microscope using a yellow filter. If the window is 
not open yet, develop for 5 more seconds. Rinse, blow-dry and inspect under the 
microscope. Repeat this steps until the contact window is clearly defined. 
Fig. 6.9. Contact window definition. 
Hard Bake. The resist is baked at 120° C for 30 min. This will harden the resist 
allowing it to stand the HF etch next. 
Wet Etching. The Si02 exposed by the window opened in the resist was wet 
etched using 4: 1 buffered HF. This etching will eventually create a direct contact 
to the semiconductor surface where current can be injected. 
Strip resist. Acetone. Hot bath at 60 °C for 10 min if necessary. 
Fig. 6.10. Sample after contact window opening. 
Spinning resist. S1818,4000 rpm, 30 sec. 
Softbake. - 90 °C for 30 min. 
Exposure. Contact mask, 11 sec. 
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Development. 1: 1 mixture, 75 sec. 
Metal deposition. Evaporated p-contact. To make sure the ridge's walls are 
covered after the "standard" evaporation, a further 150 nm of gold are deposited 
with the sample rocked 45°. This is done in both sides of the ridge 
Lift-off. Acetone. 
Thinning. One of the most important features in a laser are the facets. The facets 
act as mirrors defining the laser cavity. The performance of the laser depends, 
among other things, on the quality of the facets. To achieve high quality facets, 
the sample has to be cleaved without introducing stress to the material. The 
samples will cleave without any stress if it is thin. 
The sample is mounted on a cover slip epi-side down using S1818 resist and 
baked for at least 20 min. The sample is then lapped using 9 µm A1203 powder 
until a thickness around 200 µm is achieved. Using 3 µm A1201 powder, the 
sample is lapped further until a thickness of -160 µm is achieved. The sample 
can now be remove from the mount and take to the next step. 
Metal deposition. N-contact is deposited on the backside on the sample (the one 
that has just been lapped). 
Fig. 6.11. Final laser structure. 
Annealing. In a laser structure current will be injected to the semiconductor and 
therefore ohmic contacts are required to reduce the resistance to the current flow. 
Normally, after depositing metal to a semiconductor surface, a Schottky contact 
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is generated. By annealing the sample, this Schottky contact can be turned into 
an ohmic one. Annealing is a thermal process that promotes the diffusion of the 
metal into the semiconductor. This diffusion will create a smooth metal- 
semiconductor interface in terms of the conduction band energy levels and 
therefore an ohmic contact is obtained. The annealing temperature is set by the 
eutectic temperature of the metal-semiconductor system [9] and the annealing 
method used. In this case, rapid thermal annealing (RTA) is used. The sample is 
annealed at 360 °C for 60 sec. 
6.5 Experimental results. 
Experiments were carried out using a pulsed laser current supply to forward bias 
the gain section. A DC voltage supply was used to reverse bias the absorber. The 
light from the laser was coupled into a single mode fibre, which was connected 
either to a 45 GHz InGaAs photodetector and sampling oscilloscope or to an 













o 00 0 
Ono 0a 
Sampling oscilloscope 
Fig 6.12. Experimental set-up. 
The devices were initially tested without any bias applied to the absorber, in a 
non Q-switched regime. Fig. 6.13 shows the light-current characteristics of a 
typical device where the threshold current was 76 mA. The light-current curve 
shows the well-known "snap-on" behaviour commonly observed in lasers with a 
saturable absorber in the cavity. The presence of the saturable absorber is also 
indicated by the slightly increase in the threshold current from that of an all- 
151 
active laser of 500 nm, which was measured at around 50 - 60 mA. Fig. 6.14 
shows the operating spectrum for the device, with zero reverse bias applied to the 












Fig. 6.13. Light-current curve of the two-section InGaAs/AlGaInAs 
laser. The two different slopes follow the "snap-on" behaviour due to 
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Fig. 6.14. Optical spectrum at zero bias. 
To Q-switch the laser, the absorber was reverse biased between 1V and 5 V. The 
change in the spectrum was then monitored. For specific bias conditions, an 
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increase in the number of longitudinal modes, suggesting short pulse formation 
in the cavity, was observed. Fig. 6.15 shows the operating spectrum for the laser 
with 1.2 V reverse bias on the absorber and pumped just above threshold, which 
resulted to be the most stable conditions for Q-switching. A shift of 7.5 nm to 
longer wavelengths can be seen in the spectrum of Fig. 3 compared with the 
spectrum in Fig. 2. This is also explain by the presence of the saturable absorber. 
Maintaining the bias conditions mentioned above, the optical signal was 
connected to the photodetector and Q-switched operation observed at a repetition 
rate of about 1 GHz. The pulse train is shown in Fig. 6.16 where the pulse width 
FWHM is < 500 ps limited only by the speed of the sampling oscilloscope. 
Finally, the pumping conditions were varied and as you increase the current in 
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Fig. 6.15. Optical spectrum at 1.2 V reverse bias and pumped current 















Fig. 6.16. Pulse train extracted from the sampling oscilloscope at 
approximately 1GHz. 
6.6 Conclusions. 
In this chapter, we have provided the basis of q-switching as well as the 
fabrication process. More important, we have also demonstrated passive q- 
switched operation of InGaAs/AlGaInAs MQW lasers with repetition rates of 1 
to 2.5GHz. The devices a real alternative to conventional InGaAsP devices at 
communications wavelengths. The fact that this lasers can be used in conjunction 
with an ORE device has still to be demonstrated. 
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7. Future Work. 
7.1 Introduction. 
A number of future experiments and ideas have been identified towards the 
optimisation of the ORE devices described on this thesis. The aim of this chapter 
is to state these ideas for future development. Perhaps the most important of the 
ideas is the integration of a photoconductive switch in the ORE devices to allow 
on-chip characterization of the electrical pulses. The photoconductive switch is 
explained in some detail. 
7.2 Higher peak power. 
Previous optical rectification experiments on bulk GaAs use peak powers of at 
least three orders of magnitude more than the peak power used on this thesis (see 
table 2.1). The use of higher peak power in our structures may increase the 
amplitude of the optical rectification signal but may also generate a higher 
background signal produced by MPA. In any case, the experiment will help to 
the further understanding of the devices. The maximum peak power that can be 
sustained by the ORE devices before facet damage is not known. From previous 
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experience if the optical pulse width is kept at -300 fs at tens of MFiz repetition 
rate, powers of at least 5 kW can be achieved. 
7.3 Use of lps pulses. 
The use of femtosecond pulses in ORE experiments allows the use of high peak 
power. However, by launching femtosecond optical pulses in an ORE device, 
femtosecond electrical pulses will be generated. The loss experimented by 
electrical femtosecond pulses travelling in a transmission line will be 
considerably greater that the one experimented by picosecond pulses. The use of 
picosecond pulses will inherently generate a bigger rectification signal without 
necessarily increasing the optical peak power. The use of 1 ps optical pulses is 
believed to be a very interesting experiment to clarify the importance of a 
velocity-matched device. 
7.4 Detailed analysis of the optical signal. 
Due to the lack of availability of equipment while doing the ORE4 experiments, 
the input and output optical signal were never studied in detail. The output 
optical signal can provide information on whether absorption is happening in the 
device or not. It can also determine the corresponding absorption mechanism. 
7.5 Photoconductive switch. 
Ultrafast electronics and optolectronics are common topics nowadays. Over the 
last twenty years, ultrafast instrumentation has been developed in order to 
characterise new materials and devices. The interaction, of ultrashort laser pulses 
with a variety of crystals for generation of electrical pulses has left behind the 
typical detection systems (sampling oscilloscopes) and new techniques for 
characterisation of electrical pulses have been developed. The most common and 
well-documented techniques for high time resolution of electrical signals are 
photoconductive sampling [1] and electro-optic sampling [2]. Photoconductive 
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sampling is preferred in our case because its potential for integration with the 
ORE devices. A comparison between these two techniques is given in [3]. There 
have been many materials utilised as a photoconductive substrate, but radiation 
damaged silicon-on-sapphire (SOS) and radiation damaged GaAs have been the 
most reported in the literature. These materials show very small carrier lifetimes, 
which is desirable for ultrafast switching. 
7.5.1 The photoconductive effect. 
The resistivity of semiconductor materials such as GaAs, or silicon can be altered. 
by illuminating the surface of the material with an optical source whose photon 
energy is greater then the semiconductor bandgap energy. The absorbed photons 
generate electron-hole pairs with an efficiency near unity. This effect, termed 
photoconductivity, has been used for numerous applications, principally in high- 
speed photo-detectors [4] and high-speed sampling gates [1] with sub-millimetre 
dimensions, and high-power switches [5]. The rate at which the photoconductive 
effect produces electron and hole current carriers in bulk semiconductor material 
is dependent only on the power of the optical source. 
Since the resistivity change in a photoconductive device is completely dependent 
upon the illuminating optical source and very short, high-power optical pulses 
can be easily generated with lasers, the magnitude of the resistance change can 
be made very large in a very short period.. Thus, the resistance of a 
photoconductive device can be varied over many orders of magnitude, from a 
relatively large impedance to a relatively low impedance in a very short period of 
time, and serve as a very fast-closing; very precisely controlled, high-power or 
low-power switch. 
7.5.2 The switch. 
Photoconductive switches use carriers in excess to create a short circuit or an 
open circuit between two metal contacts separated by a semiconductor medium. 
Radiation-damaged Silicon-on-Sapphire (RD-SOS) [6], radiation damaged 
Gallium Arsenide (RD-GaAs) [7] and, in recent years, low temperature grown 
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GaAs (LT-GaAs) [8] have commonly been used as the photoconductive material 
between the metal contacts. The typical photoconductive switch configuration is 
a microwave waveguide with a gap, which exposes the photoconductive material 
used as a substrate. An schematic of a photoconductive switch is shown in Fig. 
7.1. 
Light Pulse 
Fig. 7.1. Schematic diagram of a photoconductive switch. 
The operation of the photoconductive switch can be described as follows. 
Typically, one end of the waveguide is biased at a few volts. When the gap in the 
waveguide is not optically illuminated little current flows across the gap. 
Illumination of the photoconductive material within the gap by photons whose 
energy exceeds the energy difference between the conduction and valence bands 
of the semiconductor results in the photogeneration of electron-hole pairs. These 
photogenerated free carriers change the conductivity within the gap and allow 
current to flow. The temporal duration of the electrical pulse generated is 
primarily determined by the lifetime of the photogenerated carriers as well as by 
the geometry of the switch. The photoconductive response in some reported 
switches, is as little as 700fs FWH1VI [9]. The initial pulse at zero propagation 
distance has a fast rise time determined by the laser pulse width and the time 
constant of the circuit. The fall time, which is usually longer, depends mostly on 
the decay of the photogenerated carriers. 
Ultrafast photoconductive switches can also be use to sample transient electrical 
waveforms. If the switch is illuminated with an ultrashort optical pulse during the 
passage of a transient electrical waveform, current will flow across the gap for 
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the duration of the sampling period determined by the impulse-response of the 
switch and the temporal duration of the optical pulse. 
The metal contacts forming the switch are normally chosen to be ohmic contacts, 
in this way the current will flow easily from the substrate to the metal. 
7.5.2.1 The importance of the trap density. 
In an intrinsic semiconductor, recombination is determined by radiative 
transitions. These transitions are relatively slow, producing a long-lasting current 
waveform which is a major problem for picosecond photoconductor applications. 
Direct-gap semiconductors have radiative lifetimes of a few nanoseconds. 
Indirect-gap materials can have lifetimes that are considerably longer, extending 
into the millisecond range in some cases. Clearly, alternative materials and 
techniques must be used to produce the fast current decays that are necessary for 
picosecond applications. 
An effective method of reducing the free carrier lifetime is to introduce a 
moderate density of defects into the semiconductor which act as a traps and 
recombination centres. This has been achieved by radiation damage, diffusion of 
impurities, or the use of materials with large densities of naturally occurring 
defects such as polycrystalline and amorphous semiconductors. The low 
temperature growth of GaAs has also been used to introduce traps. 
The capture time, .r can be estimated from the equation 7.1: 
Zc=1 (%. 1) Nt Cc Vrh 
where N, is the trap density, o, the capture cross section, and Vh is the thermal 
carrier velocity. 
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The dependence of the relaxation time as a function of the dose when radiation 
damage-is the method to induce traps can be found in Ref. [6]. 
A potential method to increase the number of traps in the semiconductor is the 
introduction of vacancies. This method has not been reported before for the 
fabrication of photoconductive switches. Free vacancy disordering in 
semiconductor material' is among the facilities available in the department would- 
be worth exploring it mainly because this technique is highly area selective.. 
Using this technique, small and localised switches can be fabricated. 
7.5.3 Photoconductive sampling system. 
Here we propose photoconductive sampling as being the most efficient way to 
detect the electrical pulses generated by an optical rectification device. Typical 
set-ups can be found in [10] and [11]. An optical pulse will generate the 
electrical pulse that will travel along the microwave waveguide through the ORE 
device while a second optical pulse will switch on . and off the photoconductive 
switch. A schematic diagram of the sampling system is shown in Fig. 7.2. The 
input optical beam, the generation- beam, passes through an optical chopper and 
is focused onto the optical rectification device. The second optical beam, the 
sampling beam, travels a path with a variable length and is focused onto the 
photoconductive switch. The path length of'the sampling beam can be varied in 
such a way that it arrives at the sampling. switch before,. during, or after the 
arrival of the optical pulse at the optical rectification device. The output from the 
sampling switch is fed into the input of a lock-in amplifier. In this case,, the 
wavelength of the samplingbeant is different to the wavelength of the generation 
beam, which produces the ORE. An OPO can be used as generation beam while 
a- Ti-: Sapphire or even a Nd: YAG laser can be used as sampling beam. If the 
switch can be activated by TPA, then the OPO beam can be used as generation 













Fig. 7.2. Optical rectification device with an integrated 
photoconductive switch. 
In the optical rectification device, the surface material is AIGaAs, which gives 
the possibility to integrate a photoconductive switch on the same substrate. A 
small area of the surface can be selected to introduce some traps and reduce the 
capture time. If the gap between the electrodes is located in this area, the switch 
is then completed. 
7.6 Conclusions. 
A few future experiments have been proposed in this chapter. Undoubtedly, the 
integration of a photoconductive switch in the ORE devices will complete the 
electrical characterisation of the devices. The integration of the switch present 
fabrication challenges such as the introduction of traps in a localised area and the 
location of the switch on top of the optical ridge. 
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Throughout the content of this thesis, the design, fabrication and characterization 
of an optical rectification device have been studied. In the end, single-mode 
optical waveguides in conjunction with slow-wave electrodes were used to create 
a device where optical rectification was detected. With only 1.8 dB/cm optical 
propagation losses, the ORE devices are low loss at communication 
wavelengths. The CPW lines used in ORE devices present very high loss and 
velocity-matched devices are paramount for signal detection. Due to the high 
precision and repeatability while fabricating ORE devices, e-beam lithography 
and lift-off techniques were the preferred method for fabrication. Four generation 
of devices were necessary to achieve a device from which we could extract an 
optical rectification signal without being masked by another signal produce by 
free carrier absorption mainly in the form of two photon absorption. In our final 
experiment, we managed to obtain a signal with the following characteristics: 1) 
Pulsed signal at the repetition rate of the laser beam. 2) A signal with broad 
frequency spectrum suggesting very short pulses and, 3) A signal with a sin2 
polarization dependence. These are all requisites and characteristics of an optical 
rectification signal. The signal was obtained using an OPO operation at 
wavelengths ranging from 1440 nm to 1580 nm. The pulse width was 300 fs 
FWHM and the repetition rate -88 MHz. The estimated peak power going into 
the ORE device is around 0.5 kW. To be able to detect rectification signal with 
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such a low power is an achievement on its own which is never been reported 
before. The rectification signals were small in magnitude, around -70 dBm, and 
therefore they had to be detected using a microwave spectrum analyser with a 
noise floor level of -120 dBm. The obtained results clearly show the potential of 
the devices for optical to microwave conversion. 
Good results were also obtained on the semiconductor lasers but we believe that 
further optimisation of the ORE devices needs to be done before these lasers can 
be used to generate rectification signals. Nevertheless, these lasers were the first 
demonstration of passive q-switching in Al-quaternary material system. 
Finally, a big emphasis is made on the integration of a photoconductive switch 
with the ORE devices. Due to the amount of time and effort required to eliminate 
all the parasitic effects masking the rectification signal, this option could not be 
explored in this thesis but the conception of the idea is developed in chapter 7. 
Optical rectification in semiconductor waveguides shows great potential for 
optical to microwave conversion. This thesis is the first attempt to create a 
device of such a kind and should be use as the basis for future research. The 
topics covered in this work are from the most variety ranging from optical 
waveguide design and fabrication, CPW design and fabrication, semiconductor 
lasers design and fabrication, microwave characterisation of transmission lines, 
high-speed characterisation of optoelectronic devices, non-linear optics and 
multi-photon absorption phenomena. Therefore is obvious that a more in deep 
research has to be done in most of these topics in order to create the ultimate 
ORE device. 
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